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About this document 
 
This document is based on personal work carried out between 1996 and 2003. 
 
In 1996, I became a member of two international collaborations, NA50 which was already up and 
running at CERN and ALICE, the future LHC project which was at the beginning of its R&D phase. 
The common theme in these projects is the study of ultra-relativistic heavy ion collisions, and in 
particular the study of heavy quarkonium states and the search for a possible quark-gluon plasma 
(QGP) phase transition. 
I was actively involved in the NA50 data taking as of 1996 till the final run in 2000, and so in the 
opening chapter I recall the main ideas in the current theories describing of the behaviour of heavy 
quarkonia states in a very high energy density environment♦. The NA50 experiment measured 
quarkonia resonances, and found anomalous suppression of quarkonia resonances in the most violent 
head-on collisions. The question remains: were these resonances suppressed due to an accumulation of 
normal intra-nuclear effects? Or were they suppressed due to a change in the fundamental rules of 
physics, as would be expected with the formation of a QGP?  Since the year 2000 the NA50 
collaboration has made an extra-ordinary effort to carry out as many complementary analyses as 
possible, with the reworking of the different data sets using more efficient reconstruction algorithms, 
in order to deliver results of the highest precision. In this document the discussion on this subject will 
be limited to the citation of the most recent NA50 results of relevance to the QGP puzzle.    
The bulk of this report is comprised mainly of "snapshots" of the R&D project that was pursued at the 
IPN in Orsay for the ALICE Dimuon Arm Collaboration. The idea here is to regroup the full set of 
prototype models, with the technical specifications and their associated test programs. The main 
results are given for each set of tests, but the details of how data sets were analysed are not included 
since those details are already available in other, more formal, write-ups. Full references to the 
associated documents are given. The result is a kind of "scrapbook" of the R&D phase associated with 
the ALICE dimuon arm station 1 tracker, one of the five tracker stations implemented in the Dimuon 
Arm Spectrometer.  
After a general introduction detailing the main ALICE dimuon spectrometer specifications, there 
follows a very brief look at several key subjects useful for understanding the main detector 
characteristics. An attempt to place the subject in its historical situation is given in Appendix A. A 
general view of the different R&D topics is given, followed by the description of the successive 
prototypes. The amount of technical detail given in each case is a personal choice and reflects my own 
level of implication.  
The R&D starts with the post-Technical Proposal period (1996), where we only had ideas, gleamed 
from the abundant literature, but no detector or electronics. Some postdocs had already worked on 
reconstruction techniques with a parameterization of the key detector parameters (see references [1] 
and [ 1F2]) and started to explore plausible detector layouts. I then participated in all the prototype 
developments that continued up to the publication of the Technical Design Report (1999) and the 
Addendum (2000). In this report I wanted to regroup the different detector models in such a way that 
the questions being asked at each stage are clear. This technical document is the only one that regroups 
them all, admittedly in a somewhat "dry" approach. Excerpts from real experimental logbooks are 
occasionally included as are the slides from several talks.  
Beyond 2000, detector refinements were carried out, and I went on to work on the virtual detector 
construction. The detector details were now well established and they had to appear in the AliROOT 
                                                 
♦ The theoretical description is taken from a single reference by Helmut Satz, his description is far clearer than anyone 
else’s, and I have adapted the relevant parts of his paper to fit the needs of this report. The aim is to provide the basic 
phenomenological arguments used in the interpretation the NA50 (and perhaps also for the future ALICE) experimental 
program.    
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software environment, and so I devoted the main part of my time to making this happen. There is less 
said in this report about those developments since they were fully documented at the time, and the 
main texts are included at the end of the report in Appendices C and D.   
It is obvious that all aspects of this work are the result of collaborations between physicists, engineers 
and technicians from within and beyond the laboratory and so I aim to remain as neutral as possible in 
laying claim to any single part of the work. Nonetheless, I hope my responsibilities with respect to the 
students that I guided at different times will be apparent.  
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The Quark-Gluon Plasma 
A phase transition, going from confined hadronic matter to deconfined partonic matter, was first 
proposed by Matsui and Satz in 1984 [F2F2F3]. Their prediction was based on QCD calculations where, at 
high enough energy densities and temperatures the local parton densities are such that the individual 
hadron boundaries are indiscernible - the individual quarks are no longer bound in their parent hadron 
-  resulting in a plasma of quarks and gluons where the quarks could be described to be in a deconfined 
state. This state, normally ruled out in our world of cold hadronic matter where all quarks are confined, 
would lead to a new state of strongly interacting matter, never observed before. The analogy is often 
made with the state of matter as it may have been at the beginning of the Universe in the Big Bang. In 
a simplistic view, the consequence of this phase transition is that the normal rules for hadronisation, 
and therefore the relative abundances of ‘new’ matter, would be modified since, in the very hot and 
dense medium it would be more favourable to produce a greater quantity of easy-to-make lightweight 
quarks whilst making life more difficult for the rarer heavy quarks to encounter each other, and so 
leading to a diminution in the resonant heavy quark production.  
The mechanism that is of particular interest in the NA50 and ALICE studies is the production of heavy 
quarkonia resonances. However, in order to appreciate the NA50 results and understand the challenge 
facing ALICE, some of the relevant points from the theoretical front are presented in the following 
paragraphs. The aim here is to give a general view of the subject as opposed to a detailed review.  
 
Essential aspects of deconfinement [adapted from reference 3F4] 
Energy and temperature dependence 
The transition from hadronic matter to a plasma of deconfined quarks and gluons has been extensively 
studied in finite temperature lattice QCD. A phase transition occurs when new degrees of freedom 
open up, and in this case the new degrees of freedom are the deconfinement of the quarks. These extra 
degrees of freedom should be associated with an increase in the energy density of the system. The 
argument can be understood by comparison with an ideal gas of massless pions, where the energy 
density is 
44
2
30
3 TT ≅= πεπ  
Corresponding to the three possible pion charges, while an ideal quark-gluon plasma, with two 
massless quark flavours gives 
[ ] 44242 12
30
37
30
3222
8
782 TTTQGP ≅=⎭⎬
⎫
⎩⎨
⎧ ×××+×= ππε  
as determined by the 16 gluonic and 24 quark-antiquark degrees of freedom. So, around a critical 
transition temperature Tc the energy density increases by roughly a factor ten. 
The results from finite temperature lattice QCD are shown in 267H274H274H274H274H274H274H274H274H274H274H274HFigure 1 and 268H275H275H275H275H275H275H275H275H275H275H275HFigure 2. 
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Figure 1 : Energy density versus T. 
 
Figure 2 : The ‘interaction measure’, ( ) 43 TP−=Δ ε versus T. 
 
Above the critical temperature the quarks and gluons are deconfined. This means that the requirement 
to form neutral colour states is removed, and that as shown in 270H277H277H277H276H276H276H276H276H276H276H276HFigure 2, the measure of the strong 
interaction is non-negligible up to T ≈ 3Tc  and does not vanish, as would be the case for an ideal gas 
of massless constituents.  
Temperature calculation results 
The critical temperature at which deconfinement could set in depends on the masses and the number of 
quark flavours and colours, but the transition is thought to coincide with the onset of the restoration of 
chiral symmetry for the lighter quark masses. In this latter case, supposing massless bare quarks in the 
chiral limit, then, under normal conditions, the quarks acquire an effective mass through gluon 
dressing. At the critical temperature, thermal motion removes the gluons and so the quark masses tend 
to their bare values (which is zero, in this chiral condensate model).  
The critical temperature at which this gluon disassociation could occur has been the subject of much 
debate, but most studies indicate a value of MeV10175 ±=cT as shown in 271H278H278H278H277H277H277H277H277H277H277H277HFigure 3.  
 
Figure 3 : Critical temperature results from different lattice studies. 
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Thermal disassociation, interaction range and colour screening 
A scenario describing the hypothetical evolution of a heavy QQ pair in a progressively hotter and 
denser medium has been developed and highlights the relationship between the temperature, the 
interaction range, and the means by which heavy quark coupling is disassociated through colour 
charge screening goes (roughly) as follows [272H279H279H279H278H278H278H278H278H278H278H278H4]: 
 
Consider a finite box containing a medium of vanishing baryon density at temperature 0=T , ie. an 
empty box at 0=T . In the box we place a heavy (static) QQ  pair with a string tension defined as 
( )rF ~ σr 
where σ ≈ 0.16 GeV2 is the string tension as determined in the spectroscopy of heavy quark 
resonances. So ( )rF  increases as the separation increases, until it reaches the value of a pair of dressed 
light quarks (about the mass of a ρ meson), where it becomes favourable to produce a qq  pair from 
the vacuum, break the string and form two light-heavy mesons ( qQ ) and ( qQ ). These can now be 
separated arbitrarily far without changing the energy of the system. The evolution is shown 
schematically in 273H280H280H280H279H279H279H279H279H279H279H279HFigure 4. 
 
Figure 4 : String breaking for a QQ system. 
The string breaking energy for charm quarks is found to be  
( ) GeV2.120 ≈−= cD mMF  
 with the lowest lying open charm state GeV87.1=DM  and GeV25.1=cm . 
 For bottom quarks with GeV65.4=bm and the lowest lying open bottom state GeV25.5=BM  
one obtains the same value 
( ) GeV2.120 ≈−= bB mMF . 
The string breaking occurs when the two heavy quarks are separated by a distance  
5.1GeV2.10 ≈≈ σr fm, 
and which is independent of the mass of the heavy quarks connected by the string. 
 
If the system is then heated (ie. T>0) the medium begins to contain light mesons, and the large 
distance QQ  potential ( )TF ,∞  decreases, since we can use these light hadrons to achieve an earlier 
string breaking, resulting in an effective screening of the interquark force. This idea is shown 
schematically in 274H281H281H281H280H280H280H280H280H280H280H280HFigure 5. 
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Figure 5 : In-medium string breaking through recoupling. 
 
Further increasing the temperature up to the critical temperature cT , at which deconfinement sets in, 
then the chiral symmetry restoration causes a sharp drop in the light quark constituent masses as the 
gluon dressings dissolve into the medium and consequently increase the density of constituents. 
Consequently, ( )TF ,∞  continues to drop sharply. Above cT , light quarks and gluons become 
deconfined colour charges, and this quark-gluon plasma leads to a colour screening, which limits the 
range of the strong interaction. The screening radius Dr , which determines this range, is inversely 
proportional to the density of charges, so that it decreases with increasing temperature. As a result, the 
QQ  interaction becomes more and more short-ranged. 
Deconfinement is thus clearly reflected in the temperature behaviour of the heavy quark potential as 
the string breaks at shorter distances with the increasing temperature, and the interaction range 
shortens around the critical temperature. 
This in-medium behaviour of heavy quark bound states implies that they can be used as a temperature 
probe of the state of matter in QCD thermodynamics. This can be illustrated with the bound 
charmonium states J/ψ, χc, and ψ΄, each having different binding energies, the binding radii being 0.50, 
0.72 and 0.9 fm  respectively (as calculated using non-relativistic potential theory).  The ψ΄ being the 
least tightly bound implies that it will be the first charmonium state influenced by the shortening range 
of the strong interaction in the medium. When this range descends below the size of the ψ΄, the c and 
c can no longer see each other, and the resonance ‘melts’ into the medium. Since the three 
charmonium states are of different sizes, the melting will happen sequentially, starting with the most 
loosely bound state. This is shown schematically in 275H282H282H282H281H281H281H281H281H281H281H281HFigure 6. 
 
Figure 6 : Charmonium spectra at different temperatures. 
   
Finite temperature lattice QCD also provides the temperature dependence of the energy density, the 
heavy quark states can therefore also be specified in terms of the energy density, ε. The overall 
behaviour in terms of disassociation radii, energy densities and temperature is summarized in 276H283H283H283H282H282H282H282H282H282H282H282HFigure 7. 
Marion MacCormick Page 11  Quark Gluon Plasma 
 
Figure 7 : Charmonium disassociation versus temperature and energy density. 
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The NA50 physics motivation 
The NA50 experiment at CERN studied light- to heavy-ion collisions with the aim of putting Matsui 
and Satz’ convincing proposal of a quark-gluon phase transition, to test. The hadroproduction of 
charmonia is viewed a three step process, starting with the creation of a cc  due to gluon fusion. This 
pair is generally in a colour octet state and will neutralise its colour by interacting with the surrounding 
colour field. The precise nature of this interaction is not yet fully understood, but it is required for the 
physical J/ψ or ψ΄ resonances to appear. All of this implies a certain formation time for the physical 
resonant state to appear, and so during this time, other strong interactions can intervene. The process is 
described schematically in 277H284H284H284H283H283H283H283H283H283H283H283HFigure 8. So, the hadronic medium surrounding the newly formed cc pair 
will manifest itself differently depending on the J/ψ formation time, and the state of the surrounding 
matter. 
In a quark gluon plasma, it is expected that the cc potential will be screened by the very high density 
of surrounding colour charges. 
 
 
 
Figure 8 : Evolution of J/ψ production. 
 
Dimuon production through the Drell Yan (DY) process is used to normalize the different NA50 data 
sets. This process, as shown in 278H285H285H285H284H284H284H284H284H284H284H284HFigure 9, resulting in a dimuon pair through quark-antiquark 
annihilation between the target and projectile nuclei, is insensitive to the surrounding hadronic 
medium.  
 
 
 
Figure 9 : Drell Yan process: dimuon production through quark-antiquark annihilation. 
 
The interest in using DY as a reference lies in the fact that the cross section has been measured in 
several reactions [4F4F5, F55F5F6 and 6F6F7] and is found to scale linearly with the number of NN collisions, going 
from p-p up to Pb-Pb. For the NA50 experiment it presents identical selection criteria as the charmonia 
and so in the normalization process most of the systematic errors cancel out. However, this channel 
has low statistics, particularly at higher invariant masses. 
The p-A collisions cannot reach the energy densities required for a phase transition. The p-A 
systematic study therefore provides the reference for ‘normal’ J/ψ and ψ΄ nuclear absorption. The A-A 
collisions however have access to much higher energy densities, depending on the centrality of the 
collision. If there is a phase transition, the J/ψ and ψ΄ production rates are expected to be reduced when 
comparing central to peripheral collisions, with respect to the expected ‘normal’ intra-nuclear 
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absorption. Beyond this, as pointed out by Satz [ 279H286H286H286H285H285H285H285H285H285H285H285H4], the more loosely bound ψ΄ state is expected to 
dissolve more easily as compared to J/ψ, and this effect is termed as sequential suppression. 
To fix the numbers, only 60% of the J/ψ hadroproduction are from direct production, 30% come from 
the decay of the higher state χc → J/ψ + anything and the final 10% are from the ψ΄→ J/ψ + anything 
decay. The feed-down channels are each long-lived states (with decay widths < 1 MeV), and so any 
medium effects would first influence the initial particle state as opposed to the decay products. The ψ΄ 
production in NA50 is all direct production.  
 
The NA50 experiment 
These experimental studies ran from the mid 1980’s under the name NA38 and from the mid 90‘s till 
the year 2000 as NA50. The NA38 to NA50 name change is due to a detector upgrade. All the 
experiments used the NA10 dimuon spectrometer as the baseline equipment. The NA50 layout is 
shown in 280H287H287H287H286H286H286H286H286H286H286H286HFigure 10. 
 
 
Figure 10 : The layout of the NA50 experimental apparatus. 
 
The main characteristics of the apparatus are summarized below, and full details can be found in [7F77F7F8]. 
 
Kinematical domain 
2.92 ≤ Υlab≤ 3.92 |cosθCS| < 0.5 0< yCM< 1 
 
Acceptances (Pb-Pb at 158 GeV ) 
J/ψ 12.42 ± 0.02 (statistical) ± 0.17 % (systematic) 
DY 2.9-4.5 13.79 ± 0.05 ± 0.16 % 
ψ΄ 14.77 ± 0.03 ± 0.26 % 
 
The experimental trigger was set for dimuon pairs, and the layout was optimized for J/ψ with a mass 
resolution of around 3 % (rms). 
Between 1995 and 2000 NA50 carried out a series of measurements of charmonia production in p-A 
systems in fixed target experiments at 400 GeV and 450 GeV. Pb-Pb collisions at 158 GeV were also 
studied. All measurements were accomplished within the same equipment. A summary of the different 
data taking periods with the principle beam-target setup is given in288H287H287H287H287H287H287H287H287H 
Table 1.  
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A segmented target was used to minimise multiple scattering in the target material, the interaction 
vertex of the outgoing muon pair being identified by a double coincidence in a system of quartz 
blades.  
 
Year Sub-targets Target thickness 
Beam intensity 
(ions/burst) J/ψ ψ΄ 
1995 7 (in air) 17 % λint 3 ×107 50000 - 
1996 7 (in air) 30 % λint 5 ×107 190000 - 
1998 1 (in air) 7 % λint 5.5 ×107 49000 380 
2000 1 (in vacuum) 10 % λint 7 ×107 129000 905 
 
Table 1 : Summary of the different beam and target configurations and the approximate integrated 
particle production. 
 
The different target materials studied in p-A collisions were Be, Al, Cu, Ag, W, and Pb. Special setups 
were used in different years in order to address particular experimental issues. In 1998, only one thin 
sub-target was used at a time. The aim was to look more closely at charmonium production in the 
more central collisions in a cleaner environment where rescattered peripheral collisions, that can 
simulate single head-on collisions, were greatly reduced. In 2000, Pb-air parasitic collisions were 
removed by placing the target in a vacuum, this allowed a cleaner sample of peripheral collisions to be 
collected and so give access to charmonia production at lower transverse energies.  
 
The estimation of the centrality of the collisions is a key point in the experiment and so three 
independent centrality estimators were used, namely 
• a Pb-scintillating fibres electromagnetic calorimeter used to measure the neutral transverse 
energy, 
• a very forward hadronic calorimeter (Zero degree calorimeter) which essentially measures 
the energy of the beam spectator nucleons in the collision, and 
• a silicon strip multiplicity detector used to sample the secondary charged particle 
production. 
 
Full details of the many data analyses can be found in the papers referenced in the following 
paragraphs, and the references therein. Here, only the final results are summarized.  
Marion MacCormick Page 15  NA50 experiment 
Main NA50 Results 
The main, selected, results from NA50 shown in the following are: 
• The Drell-Yan reference spectra used to normalize the quarkonia production [F8F8F9] 
• J/ψ and ψ΄  normal nuclear absorption in p-A collisions  
• J/ψ and ψ΄ production and anomalous suppression in Pb-Pb collisions 
 
The dimuon invariant mass spectrum 
The invariant mass dimuon spectra are fitted for each of the seven centrality bins for five different 
contributions covering the J/ψ and ψ΄ resonances, the Drell-Yan continuum, open charm ( DD ) semi-
leptonic decays and the unphysical combinatorial background due mostly to uncorrelated π and Κ 
decays. The exact recipe for disentangling these contributions is given, for example, in [9F9F9F10]. 
 
 
Figure 11 : An example of the fitted opposite sign dimuon invariant mass spectrum for mid-centrality 
Pd-Pb collisions. 
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The Drell-Yan (DY) reference process 
The ratio between the measured and calculated DY cross section Kexp is shown in 282H289H289H289H288H288H288H288H288H288H288H288HFigure 12. The 
constant behaviour in going from p-Be to Pb-Pb collisions shows that this process is proportional to 
the number of nucleon-nucleon collisions over the NA38/NA50 phase space. This confirms its validity 
as a reference for the hadronic production cross section 
 
 
Figure 12 : Experimentally measured Drell-Yan dimuon pair production, for 158-400 GeV/c beam 
momenta in proton-Atarget and AprojectileAtarget collisions, normalized to the lowest order theoretical 
Drell-Yan cross section. The Kexp factor is the ratio of the measured to calculated cross section [283H290H290H290H289H289H289H289H289H289H289H289H ]. 
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Normal J/ψ and ψ΄ absorption in p-A collisions 
The production cross sections were evaluated by three different methods [10F 1]. Two results are shown 
in 284H291H291H291H290H290H290H290H290H290H290H290HFigure 13 using the Glauber formalism. Within this framework, a proton-nucleus or nucleus-nucleus 
interaction is considered as a set of independent interactions between the target and projectile 
nucleons, assuming that the properties of the nucleons do not change after the first collision and that 
they can interact further with the same cross section. This is an approximation since a nucleon, after a 
collision, can be in an excited state and subsequently interact with another nucleon with a different 
cross section.  This detailed model can be approximated, to first order, by a simpler ‘ρL 
approximation’ where ρ is the density of the nuclear matter and L is the average nuclear distance 
traversed by each outgoing charmonium state. 
 
The different slopes, shown on a logarithmic scale in 285H292H292H292H291H291H291H291H291H291H291H291HFigure 13, shows that the ψ΄ clearly suffers a 
stronger nuclear absorption, as compared to the J/ψ state.  
 
Figure 13 : Measured J/ψ and ψ΄ production cross sections, per target nucleon, fitted with a Glauber 
model and shown with the ρL approximation [286H293H293H293H292H292H292H292H292H292H292H292H11]. Data come from 400 GeV/450 GeV fixed target 
proton collisions on Be, Al, Cu, Ag, W and Pb targets. 
 
Marion MacCormick Page 18  NA50 experiment 
J/Ψ and Ψ΄ production in Pb-Pb collisions 
 
J/ψ hadroproduction 
 
Figure 14 : The J/ψ /DY cross section ratio as a function of transverse energy for the Pb-Pb 2000 data. 
The normal absorption curve is shown with the combined error from the Glauber fit and the rescaling 
procedure (dashed curves) [11F 2].  The inset shows the ratio Measured/Expected taking the normal 
nuclear absorption into account.   
 
The peripheral J/ψ/DY ratio, as shown in 294H294H294H293H293H293H293H293H293H293H293HFigure 14, is completely consistent with the pattern of 
normal nuclear absorption, as deduced from p-A collisions alone. The departure from the normal 
absorption pattern at ET ~35 GeV, and the non-saturation at high ET is clear.  
This translates as normal nuclear absorption for impact parameters b > 0.85 fm, with σabs = 4.18 mb, 
derived from an extensive study of p-A collisions. For smaller impact parameters a departure from the 
normal nuclear absorption is observed, and persists up to the most central Pb-Pb collisions. 
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ψ΄ hadroproduction 
 
Figure 15 : The averaged ψ΄/DY ratio, shown as a function of transverse energy, with the error bars as 
the quadratic sum of the statistical and systematic uncertainties [287H295H295H295H294H294H294H294H294H294H294H294H ]. 
 
 
The corresponding result for the ψ΄ hadroproduction is shown in 296H296H296H295H295H295H295H295H295H295H295HFigure 15, full analysis details can be 
found in the associated reference.  
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Measured-to-expected ratios 
 
297H297H297H296H296H296H296H296H296H296H296HFigure 16 shows the comparison between the expected and measured production rates for both particle 
states, and Figure 17 shows the two results, normalized to the expected production rate, allowing them 
to be presented in the same image.  The results are shown as a function of L, the amount of nuclear 
matter traversed by the outgoing particle. 
 
  
J/ψ ψ΄ 
 
Figure 16 : The measured-to-expected production rates for J/ψ and ψ΄, and their behaviour as a 
function of the amount of nuclear matter traversed. The higher density collisions, from central Pb-Pb 
interactions create the larger systems and are correlated with high transverse energies. Statistical and 
systematic errors are added quadratically. 
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The anomalous suppression onset occurs at around 4.2 fm for the ψ΄ as compared to 7.5 fm for the J/ψ. 
The general tendency is as expected for the case of colour charge screening due to a QGP phase 
transition. The more loosely bound ψ΄ (337 keV wide) state is theoretically easier to dissolve as 
compared to the J/ψ (93 keV wide).  
The J/ψ has two steps, at around 7.5 fm and 9.2 fm, with suppression factors of around 25% and an 
additional 15% respectively. This is interesting in the light of the sequential suppression scenario, 
where the J/ψ population measured in the NA50 experiment arises from feed-down of roughly 30% 
from the 2 MeV wide χ state and 10% from the ψ΄ state. The χ would then be expected to dissolve 
first, followed by the ψ΄ and finally the direct J/ψ state. The first two steps could be the source of the 
measured anomalous suppression. 
These results alone, although convincing, are not enough to establish whether or not a phase transition 
did occur in the NA50 fixed target experiments since other correlated effects are expected, but were 
not measured in the same experiment. For example, the suppression of the J/ψ states could be 
correlated with a simultaneous increase in lighter, open charm states. It is only through the 
simultaneous measurement of several of the expected signals that a phase transition could be non-
ambiguously identified and its basic characteristics extracted. This is the job of the current and next 
generation of experiments 
 
 
 
Figure 17 : Comparison of the J/ψ and ψ΄ suppression patterns. The data are normalized to the expected 
production rates.  
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The Future at the LHC  
The ALICE experiment, currently being installed at the LHC in CERN also has a dimuon spectrometer 
dedicated to the same type of measurements as NA50. In addition to the J/ψ and ψ΄ resonances, the 
bottomium bb  pairs with the Υ, Υ΄ and Υ΄΄ at 9.46 GeV, 10.02 GeV, and 10.36 GeV respectively, 
will also be accessible. With the LHC, far higher energy densities can be obtained as compared to the 
SPS fixed target experiments as shown in 288H298H298H298H297H297H297H297H297H297H297H297HFigure 18. 
 
Figure 18 : Energy density estimates versus maximum collision energies, for the SPS, RHIC and 
LHC, with the corresponding temperatures.  
  
The ongoing experiments, with the PHENIX experiment at RHIC in the United States, the NA50 and 
ALICE sister experiment, is currently up and running. No conclusive evidence of a QGP state has yet 
been observed. The experiments and analyses are still ongoing. The future LHC experiments will 
observe the most energy dense interactions ever produced, and should non-ambiguously determine 
whether - or not - there is indeed a QGP phase transition11F♥.  
 
 
                                                 
♥ Two very clear and detailed reports by Satz on colour deconfinement and quarkonium binding are 
well worth consulting for full details on the current state of the art phenomenology, and are found in 
references [289H3 ] and [412]. 
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Figure 19 : The ALICE detector  
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An introduction to ALICE 
 
The ALICE « A Large heavy Ion Collider experiment » project is a general-purpose heavy-ion 
experiment designed to study the physics of strongly interacting matter and the quark-gluon plasma in 
nucleus-nucleus collisions at the CERN LHC (Large Hadron Collider). The LHC will accelerate heavy 
– to light – ions providing a range of 5.5 TeV to 14 TeV per nucleon in the center of mass. One of the 
key ideas is to discover whether or not it is possible to induce a phase transition in the nuclear matter. 
This transition, discussed in the previous pages, should happen at very high temperatures (150 to 
200 MeV) and/or high energy densities 5 GeV/fm3   - that is 15 to 30 times the density of ordinary 
matter (~0.15 GeV/fm3 ). This previously unobserved state is thought to correspond to the state of 
matter in the universe just after the Big-Bang, and should it exist, its study can tell us how the cold 
hadronic matter we see today was formed.  In the laboratory it is possible to follow the thermal 
expansion and freezeout of the deconfined matter until it reaches thermal and chemical equilibrium. 
Among the many proposed signatures of a phase transition is the suppression of the family of heavy 
vector mesons (or quarkonia), and in particular those composed of the cc  and bb  quark-antiquark 
pairs that make up the J/psi (J/Ψ, Ψ′, Ψ′′) and Upsilon (Υ, Υ′ et Υ′′) families. The presence of 
quarkonia can be measured via their distinctive dimuon (μ+μ-) channel disintegration. The interest in 
targeting the leptonic signature is that these particles should remain insensitive to the rapidly 
expanding hadronic matter of the cooling plasma, as so retain a maximum of information concerning 
their origin. By reconstructing the invariant mass of the dimuon pair, the production rates and masses 
can be measured as a function of the “violence” of the collision (i.e. head-on collisions to peripheral 
collisions). 
The collaboration (in 2001) 
The ALICE collaboration currently includes more than 900 physicists and senior engineers, from both 
nuclear and high-energy physics, from about 80 institutions in 28 countries. 
The experiment was approved in February 1997. The detailed design of the different detector systems 
has been laid down in a number of Technical Design Reports issued between mid-1998 and the end of 
2001 and construction has started for most detectors. 
Since the first comprehensive information on detector and physics performance was published in the 
ALICE Technical Proposal (TP) [112F 3,4F13F13F13F 4] in 1996, the detector as well as simulation, reconstruction 
and analysis software have undergone significant development. The Physics Performance Report 
(PPR) [FF14F 5] gives a comprehensive summary of the 2004 status and performance of the various ALICE 
subsystems, including updates to the Technical Design Reports (TDR) [15F 6,16F16F 7] published in previous 
years, as well as a description of systems which were not previously been published in a Technical 
Design Report. 
 
Detector overview 
The ALICE detector, as shown in 290H299H299H299H298H298H298H298H298H298H298H298HFigure 19, is composed of a central barrel geared to the 
measurement of hadronic and dielectron signals and a forward dimuon arm spectrometer adapted to 
the quarkonia measurements.  
Central barrel 
One of the major challenges in the central barrel is the measurement of the extremely high charged 
particle multiplicities predicted in central lead-lead collisions. The central barrel characteristics were 
designed based on an upper limit of 8000 charged particles per unit of rapidity, at mid-rapidity.  This 
directly dictated the granularity of the individual components as well as the detector surfaces as seen 
from the interaction vertex.   
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The central part, covering ±450 (|η| < 0.9) over the full azimuth, is embedded in a large magnet with a 
weak solenoid field. Outside of the inner tracking system (ITS), there is a cylindrical Time Projection 
Chamber (TPC), a transition radiation detector (TRD), and a large area Particle ID (PID) array of time-
of-flight (TOF) counters. In addition there are two small-area single-arm detectors: an electromagnetic 
calorimeter (Photon Spectrometer, PHOS), an array of ring imaging Cerenkov counters (RICH) 
optimized for high-momentum inclusive particle identification (HMPID).  
Dimuon arm spectrometer in brief  
The dimuon spectrometer, designed for the measurement of μ+μ- pairs resulting from the heavy 
quarkonia disintegrations, is comprised of five basic elements: 
• the front absorber, which will attenuate the flux of hadrons and photons accompanying the 
quarkonia production, 
• a 10-plane tracking system comprised of highly segmented double-cathode plane multi-
wire proportional pad chambers (CPCs), 
• a large area 0.7 Tesla dipole bending magnet, 
• a passive muon filter wall followed by four planes of resistive plate counters (RPC) that 
serve as trigger chambers, and 
• an inner beam shield (IBS) that provides added protection from high rapidity particles and 
their secondaries.  
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Dimuon arm requirements  
Fluxes 
As for the central barrel, the particle multiplicities present the main difficulty. The detectors were 
designed for simulated fluxes multiplied by a safety factor of two.  
 
Predicted fluxes in 1996: 
Station 
Total
hits 
From 
charged
From 
gammas
From 
neutrons
TC 1/2 247 215 25.9 6.1 
TC 3/4 265 200 50.6 14.5 
TC 5/6 606 419 139 47.4 
TC 7/8 358 229 97.3 31.6 
TC 9/10 414 302 89.8 23.0 
 
and in 1999: 
 
Station 
Total 
hits 
From 
Charged 
From 
gammas 
From 
neutrons 
TC 1/2 320 292 18 4 
TC 3/4 340 304 24 4 
TC 5/6 230 192 30 6 
TC 7/8 380 286 70 14 
TC 9/10 620 534 66 14 
 
As can be seen, the predicted charged particle multiplicities substantially increased over the whole 
tracking system. These calculations provide the backbone of the overall tracking system performance 
requirements. The detector positions and granularities are based more or less entirely on these 
predictions.  This highlights the importance of R&D as being an iterative process. What essentially 
changed between 1996 and 1999 was not the cross section used in the calculations, but a better 
definition of the detector environment. The beam pipe area and supports were less well defined in 
1996, it became apparent that the beam pipe recesses, necessary for correct positioning of the tracking 
chambers (which allows the first two stations to be positioned perpendicular to the beam pipe which 
has a slight incline of 1.39%), coupled with the beam shield materials and geometry design modified 
the amount of leakage of charged particles. 
The neutron background was reduced quite early on as it was seen that a certain part of the generated 
background, that increased the occupancy rate in the first station well beyond the acceptable 5% level, 
could be reduced by replacing the iso-C4H10 component of the detector filling gas with a heavier 
molecular structure – CO2 – thereby reducing the non-negligible n-p cross section arising from the H10 
part of the isobuthane molecule. 
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Interaction rate 
The interaction rates are strongly dependent on the beam type. For events triggering with minimum 
bias and a Pb beam at a luminosity of 1027 cm-2s-1 the rate is expected to be 8 kHz. For the Ca beam at 
1029 cm-2 s-1, 300 kHz is expected and finally, a 1 MHz interaction rate for protons at 1031 cm-2s-1. In 
this final case the nominal LHC luminosity is reduced by three orders of magnitude (from 1034 cm-2s-1 
to 1031 cm-2s-1) in order to have a more manageable interaction rate. 
Mass resolution and trajectory reconstruction 
The basic requirement is to separate the heavy quark resonances, the most demanding being the 
separation of the Υ′ and Υ′′ states which can only be done with a mass resolution better than 100 MeV. 
To this end five tracking stations comprised of two chambers each, with one station inside the 
spectrometer magnet, are used to over-determine the particle trajectories. Each station provides two 
independent bending-plane, and two independent non-bending plane, impact points. The minimum 
requirement for a trajectory reconstruction is one impact point per station.  
Detector spatial resolution 
The high resolution plane is defined as being the same plane as that due to the deviation from the 
bending magnet. From simulations it was deduced that a spatial resolution, per tracking plane, of 
σ<100 μm is required in order to meet the mass resolution criteria, and is shown in 291H300H300H300H299H299H299H299H299H299H299H299HFigure 20 for the Υ 
state. This is the overall effective resolution required after all degrading effects such as misalignments, 
deformations, vibrations and mechanical defaults are taken into account over and above the detector’s 
intrinsic resolution. 
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Figure 20 : Predicted mass resolution versus spatial resolution for the Υ particle. 
 
The resolution in the non-bending direction is less crucial and a resolution of roughly 2 mm is 
sufficient. 
 
Chamber sizes 
The muons are detected in a cone with an opening angle from 2˚ to 9˚. The active surfaces of the first 
three tracking stations cover the geometrical projection of this cone. Stations 4 and 5 have much larger 
active surfaces as their acceptance must also allow for the added kick from the dipole muon magnet. 
The active surfaces of each tracking station are recapped in the following table. 
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Inner diameter (mm)
 
Outer diameter (mm)
 
Position (mm) 
Station 1 364 1766 5400 
Station 2 464 2238 6860 
Station 3 660 3166 9750 
Station 4 670 4405 12490 
Station 5 670 5132 14490 
 
 
Efficiencies 
The invariant mass calculation requires two high resolution impact points per tracking station (one 
point per muon), this gives a total of 10 independent measures. Supposing an inefficiency of x% per 
tracking plane, the global inefficiency is of the order of 10x% in the worst case. The required 
efficiency per tracking plane is set at ≥99%. 
Thickness 
In 1996: 
A maximum detector thickness of 3% of X0 was imposed in order to avoid irreparable tracking 
degradation due to multiple scattering. The mass resolution as a function of the individual detector 
thickness is shown in 292H301H301H301H300H300H300H300H300H300H300H300HFigure 21: 
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Figure 21: Expected mass resolution versus chamber thickness for the Υ particle. 
 
In 2000: 
The acceptable thickness was revised in the light of the real density of the onboard electronics cards 
and the metals required for the pads themselves. Finally, up to 5% of a single radiation length in the 
most dense, central part of the tracking chambers was estimated to be reasonable for the very densely 
populated stations 1 and 2. 
Layout 
The overall layout of the dimuon arm spectrometer is shown in the following conceptual image. The 
positions of the five tracking stations are clearly situated with respect to the front absorber, the dipole 
magnet and muon absorber. 
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Figure 22 : General layout of the experiment as given in the technical proposal. 
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Tracking stations 
 
The five tracking stations are based on a standard multiwire proportional chamber design. However, 
the individual detector designs have been adapted to meet the particular constraints imposed on each 
one. The three detector classes are: 
Stations 1 and 2: these 2 stations cover the smallest surface area in the forward cone and are destined 
to observe the highest local particle densities with up to 8.10-2 hits/cm2 for station1 in the area nearest 
the beam pipe. This imposes a high granularity readout structure with associated high density on-board 
readout electronics. These stations have two fully implemented cathode planes and are subject to 
stringent temperature controls. Since they are located inside the forward absorber support, the air 
circulation has to be forced. The aim is to keep the ambient temperature stable, below 40˚C, and to 
evacuate any generated heat away from the ALICE cavern. The final detectors are circular in shape, 
and composed of four individual quadrants that fit tightly around the beam pipe. 
Station 3: this station sees lower particle fluxes (generally below 6.10-3 hits/cm2) but has the 
particularity of being situated in the dipole magnet. Due to its location, multiple scattering effects 
should be minimised in order to preserve the mass resolution. A single readout cathode plane with on-
board electronics was chosen as a more suitable choice in this case. This decision was taken at the end 
of the R&D phase, after exploring other possibilities. The active surface is composed of slats, similar 
to those used for stations 4 and 5, as opposed to quarters as used for stations 1 and 2.  
Stations 4 and 5: are in an intermediary situation in terms of particle fluxes, but the very large surface 
areas pose particular mechanical problems for the wire lengths and the ability to maintain a large 
surface planarity and rigidity in the face of added hydrostatic overpressure. A multi-module design 
with two active cathode planes was preferred.  
All these differences imply the use of different strategies for the mechanical construction of each 
station class but based on a common elementary geometry. 
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Cathode Pad Chambers 
General Cathode Pad Chamber design 
 
The station 1 Cathode Pad Chamber (CPC) is the simplest MWPC (multi-wire proportional counter) 
chamber design. It consists of two parallel earthed cathode planes with a central plane of anode wires 
placed between. The detector is filled with a multi-component noble gas mixture which is easily 
ionized by traversing charged particles. The cathode planes are engraved with small rectangles, or 
pads, over the whole surface. Each pad is equipped with its own charge readout electronics. The 
anode-cathode gap and the anode wire pitch are of the order of a couple of millimetres. The cathode 
planes are grounded, and the anode wires are submitted to a high voltage of a couple of thousand volts. 
This results in a very intense, non-linear electric field in the neighbourhood of the anode wires. 
 
 
 
How does it work? 
 
 
Figure 23 : The three main phases to make a signal: particle ionizes the gas; electrons are pulled to the 
anode, ions (more slowly) to the cathode; electrons are exponentially multiplied in the strong electric 
field near the anode wires [17F17F 8].  
                           
The passage of a charged particle in the detector leaves a track of primary ionization centers in the 
detector gap. The liberated electrons are drawn to the anode wires, gaining energy as they go under the 
influence of the very intense electric field at the anode. At a given distance from the anode wire, each 
primary electron will have gained sufficient energy for it to ionize the gas, so giving rise to a next 
generation of electrons. The multiple ionizations create several generations of secondary electrons that 
are further accelerated as they swarm towards the anode wires before being absorbed them. This is 
known as the avalanche process and typical ratios between the number of initial primary ionizations 
and final secondary electrons in the avalanche is of the order of 104 – 105; this characterizes the 
detector gain.  This electron signal develops over a distance of 10-100 μm on the nanosecond scale. 
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Figure 24 : Simulated primary ionization track in a detector. The blue points symbolize the primary 
ionization electrons and the yellow lines, their journey to the nearest anode wire. The simulation 
comes from Rob Veenhof’s GARFIELD [18F1718F18F 9] program.    
 
In the case of a cathode pad chamber it is the induced ionic signal that is of interest. The migrating 
ions move at much lower speeds and the major part of the ions arrive at the cathode planes in the 
microsecond range, the whole recombination process can take up to several hundred microseconds. 
The recombination speed dictates the maximum repetition rate. The detector geometry is designed so 
that a small number of cathode pads are influenced by the induced ionic signal. Charged particle 
impact points are reconstructed from the analysis of the correlated charge amplitudes measured on 
each of the cathode planes.  
           
 
Figure 25 : Head-on and side views of the signal amplitudes on the cathode plane.  
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Impact point reconstruction using the induced charge 
 
There are several techniques for impact point reconstruction depending on the geometry of the charge 
measurements. For a single plane impact point reconstruction the most appropriate method consists of 
analysing the relative charge amplitude spread over neighbouring pads. These signals, being the image 
of the anode signal, are distributed over a restricted number of pads along the length of the anode wire 
in the direction that is defined to be the high resolution plane. The lower resolution plane runs 
perpendicular to the anode wires and the resolution depends essentially on the anode wire pitch. 
 
 
There are numerous reconstruction methods based on charge distribution measurements (see [302H302H302H301H301H301H301H301H301H301H301H ] and 
references therein) but the distribution used for station 1 is based on Mathieson’s work [ 1919F19F20]. He 
deduced the much used empirical formulae that give the most precise fit to the internal charge 
distributions, using only the basic detector geometry. These distributions are also used to model the 
relative charge amplitudes for different detector configurations. Mathieson established two free 
parameters, k1 and k2 that are used to fit the Gatti charge distribution function. More details can be 
found in his very easy to read original work (included here), and for me to rewrite his words would not 
bring any extra insight to the subject and would be somewhat pretentious. 
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Understanding the key detector parameters – a personal note 
Before building a detector prototype it is obvious that some basic detector model should be used to 
simulate the critical features beforehand. In the case of the CPC technology, given the abundant 
amount of literature available, this was a fairly straightforward task. The aim is to show that the 
detector behaviour is understood (at least on paper), and that was done by modelling known detectors 
and predicting their (already known) performances. That being successful, it was assumed that the key 
detector parameters and physics input were sufficiently well described. The next step was to vary the 
detector parameters to obtain the desired performances. The full detector specifications list is fairly 
lengthy, but the most fundamental one is certainly the spatial resolution of less than 100 μm. This 
parameter is essentially governed by the cathode plane geometry and the gas gain, and, as will become 
apparent, the gas gain is intimately related to the detector geometry.   
Before continuing with the detectors' technical details, it’s worth taking the time to briefly pause and 
place the detector technology and accompanying detector physics in their historical context. The multi-
wire proportional counter (MWPC) is one of a long series of gaseous detectors, or "electron imagers", 
as they are sometimes called.  
In Appendix A, a brief history of the major detector developments is given.  
Given that the MWPC operating principle relies on the use of controlled electron avalanches, a closer 
look at the historical development of understanding electron avalanches through the description of the 
gas gain is of interest and presented in the Appendix. An extra-ordinary amount of literature is 
available on the subject, but one remarkable feat is that although the understanding of electronic 
behaviour in gases has evolved over a century, it turns out the first prescription proposed  by 
Townsend in the early 1900's is the most robust gas gain formula and continues to be used  today.  
Townsend's work provided the fundamental basis of today's understanding of the proportional - and 
non-proportional (all the way up to the Geiger-Muller discharge region) - gas gains. After the "potted 
history", there follows by a “photograph” of the understanding of the avalanche/streamer processes at 
the beginning of the 1940’s. This date was chosen since it’s at this time that the contribution of low 
energy photons, as well as electron ionization, to the secondary ionization was well understood and 
described by Loeb and Meek, and independently by Raether. They established the limits of breakdown 
through the description of the streamer mode. It is worth noting the 40 year gap till Allison and Cobb 
published the PhotoAbsorption and Ionization (PAI) model in 1980 [2020F20F 1], underlining the time 
required for the understanding and knowledge basis to evolve to the point where a successful 
computing model could be built. 
Between 1941 and the mid-1980's several authors attempted to refine the gas gain formula, generally 
through empirical approaches. One of the most successful descriptions was given by Diethorn in his 
1956 thesis [21F2021F21F 2], and so a more detailed look at his work is given. The next major point is marked by 
Charles, a close collaborator of Mathieson, who in 1971, pointed out that the ballistic default in the 
electronics measurements had probably not been correctly taken into account in most work prior to 
that date - and went on to propose another gas gain formula [22F22F 3]. Finally, Zastawny, who first 
published on this subject in 1966 [23F23F23F23F23F 4,24F23F2324F24F 5] (and whose current measurements were not submitted to the 
ballistic default of the other authors' charge measurements) came round to the conclusion, in a 1997 
paper [F25F25F25F 6], that the original Townsend prescription is probably the most appropriate.  
Today, the main effort is concentrated on describing the more recent class of "micro"- detectors (pin 
detectors, microstrip detectors and the little gem detectors to name but a few), which all operate in 
near-saturation mode, involving higher electric field strengths and greatly reduced anode-cathode 
gaps.  
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The R&D Phase (1996-2000) – a personal overview 
R&D foreword 
 
The experimental R&D program had several facets that ran in parallel. The detector designs were 
tested in the lab and at the test beam facilities in CERN. Simultaneously, the data readout system, 
monitoring programs, and reconstruction programs were developed, and wherever possible, interfaced 
to the detector models and simulation programs. In the following each of these different themes will be 
addressed, the intention being to give an overview of the major themes, detailed discussions can be 
found in the associated documents in the reference list.   
Prototype Studies 
In order to get and idea of the chronological development of the iterative R&D process the key steps 
are given in the following table. There was not much breathing space between the different prototype 
development, the test beams and data analysis. The group’s activities also involved data taking periods 
for the NA50 experiment, these periods are also included to give a fuller picture:  
November/December 1996 NA50 SPS (Pb-Pb @ 158 GeV.A) 
ALICE0 (prototype 0) 
March 97 – end of May 97 Tests in the lab with a Fe55 source 
ALICE1 (first prototype, with integrated FEE and tested at  CERN) 
June 97 PS (pions @ 6 GeV/c) 
September 97 PS (pions @ 3.5 GeV/c) 
March 98 SPS (pions @ 350 GeV/c) 
November/December 1998 NA50 SPS (Pb-Pb @ 158 GeV/c) 
ALICE2 (full size mechanical prototype) 
November 98 PS (pions @ 6 GeV/c) 
May 99 SPS (pions @ 375 GeV/c) 
April 99 to July 99 – TDR writing (Technical Design Report) 
October/November 1999 NA50 SPS (Pb-Pb @ 40 GeV.A) 
ALICE3 (prototype with two active cathode planes, first correlated charge measurements) 
May/June 2000 SPS, measurements in « single-hit » mode 
June 2000 SPS, mesurements in « multi-hit » mode 
October/November 2000 NA50 SPS (Pb-Pb @ 158 GeV.A) 
 
Software Developments 
TestBeam ToolBox – A first Object Oriented TestBeam Monitoring/Offline Analysis Suite 
Detector Modelling for AliROOT 
Detector Mapping – autogenerated sensitive surfaces using the mapped electronics coordinates 
Full scale detector simulation 
Data reconstruction/ electronics breakdowns at different levels 
Physics performance with full detector simulation 
Another way of visualising the overall project development is through the different themes that 
naturally appear. This gives a different kind of overview of the different types of experimental studies 
compared to the chronological approach: 
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GENERAL THEME SUBJECTS STUDIED 
In the Laboratory – Test Bench 
Detector Mechanics (envelope) Materials, ageing, thickness, electrical compatibility 
Internal detector conditions Filling gas, electrostatics, wire voltages, cathode segmentation, anode-cathode gap 
Electronics 
Pre-amplifier, amplifier, filter and shaping 
times, coding precision, noise levels, charge 
sensitivity, gains 
Primary and secondary signal formation Ionisation process, recombination time, gas gain 
Signal readout Acquisition chain, evt/evt data recording 
Bench tests with a source Online monitoring program with a graphics interface (histos, etc…) 
Test Beams (CERN PS and SPS) 
Test Beam data taking at the PS Silicon strip tracking detectors – straight line reconstruction program 
Test Beam data taking at the SPS Cathode Pad Chamber – Multi-hit straight line reconstruction program 
Test Beam preparation Online monitoring program, mappings, online impact point reconstruction 
Test Beam analysis Analysis programs 
Simulation of the different Test Beam setups Modelling the experimental conditions 
Simulation of the different prototypes 
Modelling the detector layout, internal gain, 
electronics filters and coding precision, overall 
response function 
Detector Construction Detector Model Construction 
Mechanical structure, electronics integration, 
acquisition architecture, data management 
Detector mapping, impact point reconstruction, 
trajectory reconstruction, invariant mass 
particle reconstruction 
Mechanical structure, electronics integration, 
acquisition architecture, data management 
Detector mapping, impact point reconstruction, 
trajectory reconstruction, invariant mass 
particle reconstruction 
Simulations 
Detector performances, algorithm performances Using measured Test Beam data 
Performance predictions Using physics models and realistic detector response functions 
 
Three small-scale models (ALICE0, ALICE1 et ALICE3), one large scale prototype (ALICE2) and the 
first full scale chamber (QUADRANT ZERO), originally intended to be the spare detector, were 
constructed in the RDD (Recherche et Développements en Détecteurs) laboratory at the  l’IPN.  
ALICE0 (1996) was designed as a first test of the construction process, choice of construction 
materials, and to generally allow both the physicists and engineers to familiarise themselves with the 
detector.  The first attempts at reading the detector signal, estimating the internal detector gain and 
defining the basic electronics readout characteristics all happened at this stage. This detector never left 
the laboratory and was an excellent “trainer” detector.  
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ALICE1 (1997) was built specifically to address the question of the most appropriate internal 
geometry (anode wire spacing, height and width of the readout pads, anode-cathode distance). This 
detector saw both PS and SPS beams at CERN, and many lessons were learned. One of the more 
interesting situations, was the abandon of the very first beam-tests due to a severe gas problem.  
This was a fairly cleverly designed detector as a large numbers of geometrical configurations could be 
studied by a simple adjustment of the relative anode and cathode positions and the electronics cards. A 
spatial resolution of 23 μm was obtained for a particular configuration, corresponding to a world 
record for this type of detector. The characteristics of the front end electronics (FEE) were deduced 
from the experimental analysis of this test beam data.  
ALICE2 (1998) was the first « full scale » detector, and although it didn’t have the exact external 
shape as the final quadrants, it was 1 m2 and had 10,000 individual readout channels (not all equipped 
with FEEs). One of the main aims was to identify potential problems associated with the mechanical 
construction of such a large detector. Beyond the mechanical precision, the operational detector is 
required to have a homogenous response, imposing particular constraints on the gas circulation and 
allowable pressure variations, the stability of 1 m long wires under electrostatic forces, and material 
displacements due to temperature variations. This detector was tested at the SPS and a spatial 
resolution of 43 μm was measured, well within the upper limit of 100 μm established in the detector 
requirements.  
Beyond the mechanical studies, different gas mixtures were also tried and tested.  
ALICE3 (2000) was a reduced model that had two fully equipped cathode planes, and so allowing 
correlated charge measurements for the first time. The opposing cathode planes were composed of 
pads with a half pad offset between the two planes. This geometrical trick resulted in greater detection 
efficiency, consequently allowing the operation HV to be lowered, and this in turn led to lower 
detector occupancy. The half-pad offset between detector cathodes also simplified the reconstruction 
procedure for certain types of events. 
QUADRANT ZERO (2001-2002) was the first full quadrant to be constructed. After studying the 
dimuon arm TDR some important detector modifications were requested by the LHCC, leaving little 
time for testing in the lab and at the test beam. The original detector aluminium support frames were 
estimated to be too thick; they cast an important shadow on the acceptance of the other stations. 
“Frameless” detectors were therefore proposed – and so some substantial mechanical changes were 
implemented.   More recent simulations predicted a rise in the background fluxes, this was the direct 
consequence of - the now more stable - beam pipe design with its flanges and recesses. The station 1 
occupancy rose above the acceptable limit of 5%, to combat this; the internal detector geometry was 
modified to have a smaller pad size on the cathode planes. In order to maintain reasonable charge 
distributions (at least three pads hit per particle impact point) the anode-cathode gap had to be reduced.  
The LHCC had stringent requirements for the delivery of a final Addendum to the original TDR. The 
fast pace imposed meant very little time was available for detailed testing, but tests did show 
insufficient cathode plane rigidity for this frameless detector. A central fixation point had been 
designed, but had not been implemented. The construction phase was started in July 2001, without full 
testing this new central support, and so without knowledge of the consequences it could have on the 
internal electric field.  
The first “real” detector saw the day in June 2002. It was tested in the laboratory with a source and, 
very briefly, in the test beam at the CERN PS in July 2002. 
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The Electronics Project 
One of the first priorities was the development of the front end electronics (FEE) since our group in 
Orsay had been attributed the lead role on this subject. The main challenge was to construct a system 
suitable for 1.2 million individual channels. From the outset the choice was based on an integrated 
charge measurement, each channel having a high enough signal to noise ratio to allow the required 
reconstructed 100 μm impact point resolution. As a starting point the technology already developed at 
CERN for the readout of a RICH (Ring Imaging Cherenkov) [26F26F26F26F 7] was used. These circuits were based 
on the GASSIPLEX preamplifiers developed in 1.5 μm technology by J.C. Santiard [2727F27F 8]. These pre-
amplifier/amplifier chips were daisy chained before being sent to a sequenced ADC coder. The coder 
worked off a 2 MHz clock that sequentially took a snapshot of the integrated charge in each channel.  
In 1996-1997, in the company of a specialist electronics engineer, I participated in the first bench tests. 
At the time our aim was simple – to discover the gain, linearity and dynamical range of the 
GASSIPLEX chips and to compare them with the specifications on paper. The aim was simple, but the 
reality was more complex. We did not have a sufficiently well defined circuitry, and most of our 
"measurements" disturbed the chip's performance. Nonetheless, we did get a glimpse of the extended 
linearity of the dynamical range, but absolute measurements were not possible. 
A more serious detailed electronics definition resulted from the 1998 beam tests. The measured and 
simulated electronics response was compared. Based on the excellent quality of the simulations, the 
new GASSIPLEX characteristics were defined.  The modifications were included in the new CERN 
chip based on 0.7 μm technology to give an extended dynamical range and a lower intrinsic noise 
contribution.  
Given the high density of FEE the most logical solution was to integrate the pre-amplifier, amplifier 
and ADC on a single electronics card. It was with this aim that the first Multi-Chip Module (MCM) 
was developed. This small electronics card (7.5x2.5 cm2) contained 4 GASSIPLEX (and so regrouping 
64 individual channels), a 12 bit ADC coder and an LCA (Logical Cell Array) that coordinated the 
local logic signals (readout sequencing, pedestal subtraction, zero suppression, and output data 
formatting). With this solution, the electronics cards could be put on a common control bus, and any 
broken cards could easily be taken out of the readout sequence. This was a first step in obtaining a 
more robust readout system. Prior to this very long daisy chains has been used – with the major flaw 
that a break in the chain meant the loss of all the data beyond the fault. The second main advantage of 
the new MCM approach was a considerable reduction in the overall power consumption since the 
analog signals did not have to be driven along very long lines to the detector edge. The MCM 
coordination was ensured via a series of DSPs (Digital Signal Processors) placed on the outer edges of 
the detector, before being sent on the central ALICE acquisition system (DATE). 
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Simulations – detector and the electronics response 
The detector development relies, for a major part, on simulations which intervene at several different 
levels. One of the most basic, and important, simulations concerns the predicted particle fluxes with 
background physics and secondary processes included, these simulations were carried out by Andreas 
Morsch, member of the ALICE collaboration. Correlating the fluxes with the expected interaction rate 
immediately imposes the desired detector count rates and granularities. In my work I concentrated 
more on the detector modelling and the interplay between the internal physical processes, electronics 
filtering and shaping that lead to the final coded electronics signal.  
I started with a fast simulation code that was used in the RHIC PHENIX experiment tracking chamber 
simulations [28F28F28F 9]. I went on to explore the basic ionization process, on an event-by-event (and charge-
by-charge) basis with the help of Rob Veenhof and his detailed simulation program GARFIELD [ 293H303H303H303H302H302H302H302H302H302H302H302H19]. 
He introduced me to Steve Biagi and his work on modelling gas ionization characteristics (ionization 
and attachment coefficients) and, electron and ion transport properties, with his programs IMONTE 
and MAGBOLTZ [29F29F29F29F30]. A more detailed view of primary cluster formation was developed by Igor 
Smirnov, where he implemented the full PAI model [294H304H304H304H303H303H303H303H303H303H303H303H 1] in his program HEED [F30F30F 1], and interfaced it 
to the GARFIELD program. These simulations allowed me to become more familiar with the question 
of signal formation in the detector, and led me quickly to the conclusion that, in my case, 
measurements would probably be more valuable. This work was carried out simultaneously with the 
ALICE0 laboratory tests, and a summer student F30F3helped to collate the overall internal properties of our 
very first prototype. 
I simulated the ALICE1 and ALICE2 PS and SPS experiments. The main part of these calculations 
were presented in Liliane Kharmandarian’s thesis (as a complement to her experimental analysis) and 
then again, in the dimuon arm TDR. The program developed was based on the simulation of the 
detector signal, using a Mathieson charge distribution around one (and in a later version two) anode 
wires. The analytical signal form was then digitized on the cathode planes - by integrating the induced 
charge over the appropriate cathode pad sizes - and the consequently “observed” impact point 
calculated by minimizing the “measured” (simulated) charge distribution to another/or the same 
Mathieson function [3231F31F 2]. I developed this program, over a number of years, to include as many 
experimental details as possible (beam profiles, different ADC coders, two readout planes, noise 
levels, cross talk possibilities, Landau/Vavilov energy loss distributions, etc…). I also wrote the usual 
set of documentation and secondary analysis programs for event display, statistical compilations and 
support programs that allowed particular experimental/simulation studies to be done. 
 
After numerous tests and iterations the final model, where each elementary step in the signal formation 
was parameterised, successfully reproduced the experimental response. To test the quality of these 
simulations the 1998 PS experimental results were predicted. These predictions, insofar as the 
experimental charge distributions and spatial resolutions were concerned, were in excellent agreement 
with the measured response and values.  It became possible to confidently evaluate the effects of 
individual channel thresholds, noise contributions, and the effects of varying the electronics dynamical 
range, on the final results. It transpired that the limited electronics dynamical range was the biggest 
contributor to the overall poor efficiency. Using these calculations I then helped to establish the more 
ideal electronics specifications (basically a wish list). Detailed characteristics were parameterized and 
studied, and included: thresholds; cross-talk; dynamical range; relative gain dispersion; coding 
precision; calibration precision, and electronics noise. The dynamical range was consequently 
extended by a factor of three, the coding precision was changed from 10-bits to 12-bits and a noise 
level less than 1000 electrons ENC (equivalent noise charge) was imposed. 
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Software codes for event readout and reconstruction 
All the detector tests required appropriate acquisition programs, online monitoring and reconstruction 
codes. One of my most persistent contributions to the ALICE project was to write these codes, either 
in their entirety, or build them up from already existing bits and pieces. To give an idea, a typical 
online monitoring program for the PS data taking period was composed of several parts. The group 
was provided with a basic generic code that consisted of the straight line reconstruction code for the 
reference tracker detectors [ 3332F32F 3]. I would then implant our detector decoding, interpretation, 
reconstruction and graphics outputs into this generic code.  Given the numerous different detectors 
tested over the years, with the different geometries and electronics layouts, it was always surprising 
how little of the code was truly re-useable. With hindsight, the code had to change and evolve, 
becoming more sophisticated with time, in keeping with the evolution of the experimental questioning. 
An agreeable aspect of this work was the possibility of sharing the resultant code with colleagues in 
other laboratories. In the same way our group "inherited" the straight-line reconstruction code, we also 
passed our code on to our colleagues in France and abroad. This also meant taking the time to 
comment and organise the code as well as possible, to make it as transparent as possible for new users.  
A successful code is one that works, and where the newcomer can become a competent user in the 
space of a day, without being aware of the months of development and fine tuning that went on behind 
the scenes.  
One of the most obvious challenges in our test experiments was to be continuously efficient. Certain 
experiments, such as ALICE0, required extensive sets of online spectra, and others, such as the 
ALICE1 and ALICE3 tests, required more effort on the electronics-to-spatial coordinate mapping. In 
the latter tests the detector, and the electronics, and the internal geometry were all variables - and the 
reconstruction code had to be as flexible as possible in order to efficiently re-implement the different 
experimental configurations in the reconstruction code.  
It was through these (sometimes seemingly endless) code adjustments that my understanding of the 
"mapping problem" matured. I had two main pre-occupations: How to simultaneously calibrate 10,000 
electronics channels without saturating the entire ALICE acquisition system for more than a day; and 
how to handle the 10,000 different readout pad locations, on both cathode planes, correctly relate the 
channel ID to a physical and logical volume and correlate opposing cathode planes.  
In reply to the first question - I still don't have an answer; however, the second one was resolved by the 
creation of a "mapping program". I used the experience acquired from the numerous test beams and 
analyses to conceive a suitable architecture for the final detector. This code, which is now an integral 
part of the ALICE software, was developed in several stages over three years. The write-up of this 
work is included in Appendix D. 
On another front, that of the laboratory and test-beam experiments, it was obvious that a correctly 
conceived set of programmed library tools would allow us to be far more flexible in our data 
monitoring and analysis. After discussions with our "computing guru" Fons Rademakers, I designed a 
"TestBeam ToolBox" which was implemented in our experiments as of 2001. This project was 
completed quickly and efficiently thanks to the collaborative efforts of our thesis student, David Guez. 
This project was our very first step in object oriented programming and our write-up on this subject is 
included in Appendix B.  
 
The postTDR period 
As of 2001, after the publication of the Addendum to the TDR [ 295H305H305H305H304H304H304H304H304H304H304H304H17306H306H306H305H305H305H305H305H305H305H305H 6] the project completed the R&D 
phase and moved into the station 1 chamber construction phase. The electronics project became a 
separate issue, and the full scale production had to be addressed separately. At this time I decided to 
change direction and to move closer to the full scale detector modelling, since its characteristics were 
now known.   
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Models and simulations (2001-2002) 
 
 
 
Figure 26 : Several images of the internal arc of a station 1 quadrant. The red and blue design is taken 
from the real pad circuit blueprint; the middle, mainly yellow image is the simulated detector model - 
complete with electronics cards and nuts and bolts in the detector frame; the rightmost image is a 
photograph of the ALICE2 full-scale detector quadrant. The ensemble is superimposed on a 
background describing the first mapping layout. 
 
 
A full inventory if the detector construction materials was carried out in order to make a more precise 
evaluation of the amount radiation lengths and also to allow a more exact model to be built. The 
detector specifications imposed an upper limit of 3% (which eventually became 5%) of a radiation 
length on the average detector thickness. Given the very high density of electronics components near 
the beam pipe are for station 1, it was clear that this constraint could be difficult to meet. The outer 
support frames were designed to be made of Aluminium - and came complete with steel nuts and bolts 
(see 296H307H307H307H306H306H306H306H306H306H306H306HFigure 26), this was obviously not going help the detector transparency. Once one of our J/Ψ or Υ 
decayed lepton pair (μ+ or μ-) are scattered, they deviate from their original trajectory through the 
spectrometer and the subsequently reconstructed invariant mass (if at all possible) is smeared. Keeping 
to within the limits of <100 MeV for the reconstructed invariant mass is essential to the success of the 
experiment (allowing to separate the Υ΄ from the Υ΄΄ state). 
A very detailed report, giving the complete detector material inventory was published as an internal 
note in April 2002. This project also provided the opportunity for me to explain the detector - in all its 
gory details - to a new colleague, who had just joined our group in Orsay. This report is included in 
Appendix C.  
 
The next step was to transform the inventory into the more useful GEANT3 model in AliROOT. I 
guided, and collaborated with, our thesis student through all this work. The aim was to develop three 
models, each having fewer levels of detail, but all reproducing the overall material thicknesses, 
volumes, and surfaces. The simplified model was then used as the basis for the GEANT3 station 1 
detector model. 
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The electronics mapping 
 
The total number of coding channels over the five tracking stations amounted to roughly 1.2 million. A 
mapping system allowing to "easily" relate the electronics ID to its location on the detector cathode 
plane was necessary. This was not so simple given the variable, non-repetitive nature of many of the 
electronics circuits. Just to add another level of difficulty, the inverse mapping also had exist, ie. given 
a two-variable coordinate on any detector face, "easily" and "efficiently" find the associated 
electronics ID amongst the million possibilities.  
Beyond this, the reconstruction algorithm was based on locating the "nearest neighbour". Establishing 
this neighbour (if it even physically exists) for repetitive pad layouts is not overly difficult, however, 
the station 1 pad layout is variable over the surface, and not exactly in the same way for opposing 
cathode planes.  
The mapping is therefore an essential piece of software for the detector to be useable.  
I developed this project, and used the talents of D. Guez (thesis student) and I. Hrivnacova (computing 
expert), to implement and test an appropriate architecture. The mapping package is now an integral 
part of the ALICE software, and in despite of the very strong resistance at the time, this model has 
been adopted by the collaboration.  
 
In the next step, the combined description of the model - with the simplified, but precise material 
budget - and the mapping package, were implemented in AliROOT. This part of the software, 
completed in 2003, allowed for the first time, a full scale and realistic simulation of station 1. This 
work opened the way to studies that concentrated more on improving the reconstruction methods.  
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Electronics implementation studies 
 
An important aspect of our project was the robustness of our electronics implementation. Given that 
very few human interventions in the detector cavern were foreseen during the LHC running periods 
(two to three at most per year), it became obvious that ways of minimising the risk of losing data ought 
to be looked into. The likelihood of no electronics breakdowns occurring during closed periods being 
fairly weak (especially at the outset), different scenarios were envisaged and simulated.  
At the time, the precise scenario for regrouping the electronics chains at different nodes was not yet 
established. A single chain generally carried the information from a few hundred electronics channels, 
and groups of five chains were sent to the same "concentrator card" or node. The breakdown of such a 
node or a chain would directly influence the particle reconstruction efficiency - and this differently 
depending on the way in which the chains and nodes are connected. These studies are described in 
detail in D. Guez's thesis, where different scenarios are investigated. A large number of channels can 
potentially be lost depending on the physical location of a breakdown. Our aim was to take the global 
architecture into account and to discover the layouts where even partial data loss could still allow the 
reconstruction of particle impact points. The aim was also to differentiate between partial loss and total 
loss scenarios.  
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R&D prototypes and tests 
The following section is a sort of scrap book of the chronological development of the main R&D aims. 
The detector images and comments are generally excerpts from the logbooks, some results were not 
presented elsewhere, and various “photographs” of status reports are given as they were presented at 
the time. The different prototypes with the associated experimental aims and some results – warts and 
all - are presented. No attempt is made to brush over the “happy accidents” that did occur, mainly 
because through such errors, more was gained than lost in understanding the detector. As a contrast, 
the later sections regroup the more polished and compact formal write-ups of the R&D work that were 
destined for the LHCC. 
The following sequence of sections will be used to summarize the prototypes one by one (where 
appropriate). 
• Aims 
• Detector geometry 
• Gas Supply 
• Electronics 
• Readout/Acquisition 
• Results 
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ALICE0 
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ALICE0 
 
This was the first “test” detector built and tested at the IPN in Orsay in early 1997. It was a “trainer” 
detector used essentially to test the basic manufacturing process and the electric and electronic 
environments. The first discussions for the design were started in October 1996; the prototype was 
ready by March 1997 and was tested in the laboratory with a source. 
Aims 
The main objectives for this first test detector were to test the chosen construction materials, and 
construction procedure and to experimentally understand the basic detector behaviour. The newly 
acquired GASSIPLEX electronics [297H308H308H308H307H307H307H307H307H307H307H307H 8] were used with this detector, and the learning process took 
several months of continuous effort.  A first simple gas supply system was renovated, the first 
electronics circuits for charge injection on the anode wires, and reading the output pad/strip responses 
were implemented. An already existing acquisition system was adapted to the set-up [35F3433F33F 4]. The relative 
times for the signal formation and transit times in the detector were to be discovered. Finally the first 
on-line monitoring programs were written.  
 
Several strategies were used to study the detector and its electronics: 
• Anode wire charge injection to study the cathode plane response (with no gas, no HV in 
detector) 
• 55Fe source to study the gas gain (with gas and HV) 
• Charge injection via a test capacitor on the GASSIPLEX to study the electronics gain 
(with the GASSIPLEX mounted on detector) 
 
This detector never left the laboratory, but represented an important step in the R&D process. 
 
Detector geometry 
The general views of the detector as well as the electronics readout strategy are shown in 298H309H309H309H308H308H308H308H308H308H308H308HFigure 27 
and 5. As for all prototypes, full details can be found in the experimental logbooks and the Orsay RDD 
engineering archives. 
 
The list of main technical details is given so that an easy comparison with subsequent prototypes can 
be made.  
Dimensions: 
• Active surface  152 mm x 122 mm 
• Full cathode plane surface 210 mm x 122 mm 
• 48 soldered anode wires, diameter φ 20 μm 
• 4 guard wires 
• 16 cathode strips with w/d = 2; w= strip width and d = anode-cathode gap                                            
• 8 cathode strips with w/d = 1.5 
• 14 cathode strips with w/d = 1  
• 16 cathode pads with w/d = 1 and divided in two unequal lengths  
• Pad separation = 0.254 mm 
• Anode-cathode distance = 2.54 mm 
• Wire pitch = 2.54 mm 
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←Length = 210 mm→ 
               ↑ 
Height =  122 mm 
               ↓ 
 
Materials: 
• Outer frame, Al 
• Cathode support, four-layer PCB, 0.8 mm total thickness 
• Readout strips/pads, gold plated 
• Anode wires 20 μm 
• Window, Aluminized Mylar 25 μm 
• Frame nuts and bolts – metal 
• Anode wire guides – plastic pins 
• Air-tight joints, Nytril diameter 4 mm 
• Readout – two connectors - soldered 96 point male, 96 point female ribbon cable 
• DN10 gas supply joints 
• HV via SHV connector  
• Anode charge injection via a BNC connector 
• Al plated Mylar window 
 
 
Figure 27 : Side view showing the general scheme for the detector layout. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28 : The LHS shows the design of the cathode plane layout with the different pad sizes and the 
readout strategy. The RHS shows the upper central area of the finished object.  
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Figure 29 : A photograph of the anode wire plane placed against a dark background to improve the 
visibility of the 20 μm wires. The black pins are used to align the individual wires, each wire being 
glued and soldered to the surrounding copper conductor. 
 
Figure 30 : The cathode plane inserted in the epoxy frame, before the placing of the anode-wire plane. 
The air tightness is ensured by the rubber joint. 
 
Gas supply  
A first, very simple, two channel gas supply system was constructed to deliver the gas mixture. The 
system has two channels, working in a master/slave mode with mass dependent flow control meters. A 
mixture of Ar/iso-C4H10 was chosen since previous reports showed that this mixture generally 
provides a satisfactory gas gain. High purity gases were chosen, perhaps not a real need since the 
supply tubes were of standard plastic tubes (Rilsan™), and are known for their particular 
contamination features. For long-life detectors care is taken when choosing not only the detector 
construction materials, but also the gas supply system.  For example, inert materials, such as steel-
plated tubing would be preferred to porous plastics.       
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Electronics 
In reality, several electronics circuits were used on ALICE0. The first tests were carried out with the 
older standard modular electronics, with a preamplifier/amplifier placed as close to the detector as 
possible. The amplified and shaped analog signal was then sent over several meters to the VME crate 
where the ADC coder was installed. Very quickly the more interesting CERN designed 1.5 μm 
GASSIPLEX chip was used. This chip provides the charge pre-amplification, filtering (suppression of 
the long ionic tail from the detector) and CR–(RC)2 shaping for each of the 16-channels. The 
integrated charge output is given as a constant level for each channel.  
 
Figure 31 : On the left hand side (LHS), a close-up of the GASSIPLEX chips, each chip capable of 
measuring the charge amplitude on 16 individual pads. The chips are read in sequence through a 
common bus. On the right hand side (RHS), the first GASSPLEX card at the IPN, Orsay, mounted on 
the detector.  
 
Readout/acquisiton 
To give an idea of the acquisition state at the start of the project the following paragraph describes the 
basic equipment. The idea of sequential ADC readout was retained in the final solution, but was 
implemented in a far more elegant manner.  
The first acquisition system used in the laboratory was the already existing Oasis [ 300H310H310H310H309H309H309H309H309H309H309H309H 4] system. The 
acquisition cycle was based on the sequential readout of the ADC1F2F2F2F2F2F2F2F2F2F2F2F♠. The four 16-channel 
GASSIPLEX chips per readout card gives 64 daisy-chained channels. In the acquisition cycle, a clock 
pulse is sent to the ADC, and the constant pulse level is recorded for each of the 64 channels in turn. 
During this time no further charge is measured and the GASSIPLEX are effectively “frozen” by the 
“HOLD” signal until all the ADC coding has been done and transferred. 
The overall time to convert the 64 channels was estimated to be 42 μs and the acquisition was run at a 
very reasonable rate of 2 MHz. The relative timing for the signals was not well established at the time, 
and the first attempts used the timing sequence shown below in 301H311H311H311H310H310H310H310H310H310H310H310HFigure 32. 
 
                                                 
♠ CAEN V550 10-bit ADC and the V551B programmable controller. 
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Figure 32 : Timing sequence for the sequential ADC readout with t1 = 700 ns, t2 = 170 ns,  
                  t3 = 260 ns (not shown on image), t4 = 520 ns, and t5 = 260 ns 
 
Online monitoring 
The Oasis system was used to decode and see the online histograms. The cathode plane layout with the 
output connector pin numbering and attributed ADC channel number are shown schematically below 
in 302H312H312H312H311H311H311H311H311H311H311H311HFigure 33. This was the first encounter with the question of mapping and was the simplest 
configuration used in all of the prototype tests. Nonetheless, we managed to mix up numbers and 
directions as we discovered the importance of keeping fixed references. This image is only included to 
show where we started from, and to provide a point of comparison with the final, much more complex, 
mapping layout.  
               
 
Figure 33 : View of the detector zones, A-F, and the associate readout mappings. Large numbers are 
the strip ID numbers and small numbers are the GASSIPLEX pin attributions.  
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ALICE0 Results 
Gas gain estimation 
A first estimate of the detector gain was made using a 55Fe source (5.89 keV X-ray line). In this setup 
the anode wire signal was recorded via a pre-amplifier/amplifier of already known characteristics, and 
recorded single channel ADC. The anode voltage was set at 1600 V and the detector was filled with an 
Ar/iso-C4H10 (20%) mixture. The following is a translated excerpt from the logbook, and details the 
logic used to estimate the detector gain: 
 
Figure 34 : Counts versus ADC channel in response to a 55Fe source and 1600V HV, amplifier x65. 
 
The pedestal subtracted ADC peak is estimated to be in channel 253. Converting to a charge 
measurement directly at the chamber output (and so before the amplifier) that is approximately 
 
Q = 0.250 x 253/65.5 = 965.7 fC = 6.035 106 electrons 
 
Taking the average ionization potential to produce one electron-ion pair in Ar as 26.4 eV and 23 eV 
for isoC4H10 then the number of primary electron-ion pairs created by the 5.89 keV X-ray can be 
estimated to be  
N = 5890 x (0.8/26.4 + 0.2/23) = 230 pairs 
This implies a gas gain of  
G = 6.035 106 / 230 = 2.6104 
Supposing that the cathode plane (unmeasured here) is receptive to 50% of the charge collected at the 
anode, then each cathode should receive a charge of  
Qcathode = 966/2 = 483 fC 
This charge is distributed over several pads in the chamber, however, for certain geometries a pad will 
receive up to 80% of this charge, that is 386 fC, a value that is too high for the GASSPILEX 
dynamical range (as they were limited to a range of  -120 fC to 250 fC at that time).  
This rough estimate of the required dynamical range was subsequently confirmed through the detailed 
simulation and measurement of the prototypes that were to come.  
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Electronics and cathode plane response 
The first tests were purely electronic in nature and were aimed at ensuring the good working order of 
the basic components. The first test was carried out in the lab, with no gas in the chamber or HV on 
the anode wires. A simple pulse, of known characteristics was injected on the anode wires. A fast 
pickoff was used as a trigger and the image of the charge on the cathode plane, on one channel, was 
measured with the GASSIPLEX. The following image is one of the first histograms obtained with the 
full acquisition logic and electronics boards in place. It has no great meaning in itself (the 
GASSIPLEX electronics were saturated) but it marked the first step in successfully decoding the 
detector response. 
 
Figure 35 : Laboratory test, total charge response to an injected anode 
charge of  52 mV on a 1 pF capacitor 
 
 
 
 
 
Over a short period (March-early June 1997), laboratory tests were carried out as physicists, engineers 
and technicians all learned how to “play” with the detector.  The next symbolic step was the successful 
recording of the full set of strips plugged on the electronics. Of the 128 GASSIPLEX channels, 70 
were plugged to the readout and the results are shown in Figure 36. 
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The image in Figure 36 has four gaps; each gap corresponds to a “dead” detector strip (on channels 2, 
7, 24 and 43). The other 66 channels are clearly live, the different cathode plane regions are difficult to 
discern.  
 
No results from this first test prototype were published. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 36: One of the first online histograms and represents the ADC pulse height versus channel 
number. 
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ALICE1 
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ALICE1 
 
ALICE1 was built during the period when ALICE0 was being tested. The list of specifications was 
established at the beginning of February’97, and the first HV and gas leak tests took place in mid-June. 
The detector was a multi-geometry prototype. It had one active cathode plane, with a more detailed 
pad layout structure. The anode wire plane was replaced with a new plane comprising two different 
wire pitches. The anode-cathode gap was variable in the sense that the detector was designed to be 
“easily” opened and the anode-cathode mechanical support could be interchanged with a support of a 
different thickness. With the exception of the wire radius, all the other detector parameters were 
variable. The prototype underwent three test beam periods; at the CERN PS (on line T10) with 6 GeV 
pions in June 1997 and 3.5 GeV pions in September 1997 and again, at the SPS (in H4) in April’98 
with 350 GeV pions. It also ran with the new ALICE acquisition system DATEv2 2F3F3F33F2, and used the new 
gas supply system that was being developed for use with the whole ALICE experiment. The general 
ALICE architecture was constantly being refined, and the estimation for the delivery of the general 
(global) zero level trigger meant that the FEE RC integration constant had to be increased, and so we 
moved from 0.7 μs to 1.2 μs. This also imposed a greater acquisition dead time.  
Aims 
The overall experimental objective was to establish the different detector responses to different 
geometrical configurations. The beam impact points were to be reconstructed for the different detector 
geometries, and the HV operational plateau versus spatial resolution was to be explored; the optimal 
detector geometries were to be deduced.  
 
There were four main phases associated with this detector 
• A first formative test period in June’97 
• A second set of tests at the PS in Sept’97  
• A third “high resolution” experiment at the SPS in April’98 
• The simulation of the second and third phases and predictions for future electronics 
behaviour and expected resolutions. The main development of the offline reconstruction 
programs, mapping strategies and reconstruction algorithms were associated with this 
phase and the strategy for future programs established.   
 
 
 
 
 
 
 
 
 
 
                                                 
2 ALICE DATE V2, first release April 98 
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Detector geometry 
A schematic view is shown in 304H313H313H313H312H312H312H312H312H312H312H312HFigure 37.  
 
 
Exploded view of Model
External frame #1
External frame #2
Wire plane
Cathode supportCathode plane
 
Figure 37 : ALICE 1 expanded view. 
 
The external frames were square, measuring roughly 560 x 560 mm2. The different elements were 
constructed so that an 180˚ rotation of the anode plane with respect to the cathode plane gave another 
detector layout.  
 
The cathode plane pad structure is shown with the various pad lengths and widths in 305H314H314H314H313H313H313H313H313H313H313H313HFigure 38, 
 
Figure 38 : pad layout scheme 
 
and anode the wire plane with the different wire pitches follows on in 306H315H315H315H314H314H314H314H314H314H314H314HFigure 39. 
 
Expanded view 
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Figure 39 : anode wire plane layout. 
 
The two sets of anode wires had independent HV supplies, providing independent gain control for 
each of the different wire pitches. 
 
 
Figure 40 : Photographs of the copper pad plane (LHS), the feed through holes on each pad are 
visible. This image shows the junction between two pad sizes. The other image (RHS) shows the back 
side of the pad plane engraved on the PCB.  The four distinct pad areas are visible. 
Gas supply and filling gas 
June’97: Ar/Ethane(20%) at 600-700 sccm during 48 hours, CERN manually controlled supplies. 
Thereafter: Ar/iso-C4H10(20%) at a high flow rate. 
Electronics 
One of the new electronics evolutions was the use of flexible Kapton connectors for the signal readout. 
The very high electronics density expected for the inner zone station 1 implied the use of lightweight, 
flexible, short and robust readout cables. The well known Kapton solution fitted the bill. Various 
Kapton qualities, thicknesses and multi-layering methods were tried and tested by our detector R&D 
group. The mechanical tests involved repeated folding and bending and thermal resistance.  
       ↑ 
400 mm 
       ↓ 
1 central wire 
45 wires, pitch 2.5 mm 
15 guard wires on each side, 
same pitch 
32 wires, pitch 3.75 mm 
10 guard wires on each side, 
same pitch 
Sensitive wire diameter 20 μm 
Guard wire diameter 50 μm 
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Our first batch of Kaptons suffered from an interesting design flaw. The initial solder points were 
circles, and under the thermal effect of the soldering iron, the wire-to-solder point broke on most 
attempts to solder. This was problem was resolved by designing a softer transition form for the solder 
point at the wire end. As well as this, the protective outer coating was not uniform and sections of bare 
wires were visible. These problems had immediate consequences on our quality control, and a full set 
of connector tests were conceived. Every soldered point and connection has since been individually  
and systematically tested with the help of a specially designed control box.   
 
 
 
More of the 1.5 μm technology 64-channel GASSIPLEX cards were used to readout the different pad 
areas. 
 
Figure 41 : Kapton foils mounted on the ALICE1 prototype. 
 
Readout/acquisition 
The main new point was the daisy chaining for up to 192 GASSIPLEX channels.  This was the longest 
chain implemented at this point, and we ran with this configuration for the first time as beta testers of 
the new ALICE acquisition system, DATE.  
 
Example of a 
Kapton connector 
design  
 
 
Soldered to 
multi-pin 
connector 
Soldered to 
detector pads 
Kapton foils 
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Test beam setup 
 
The CERN test beam facilities at the PS and SPS also included the provision of a set of silicon 
trackers, readout with the DIGIPLEX [ 307H316H316H316H315H315H315H315H315H315H315H315H27] cards and a trigger setup based on multiple scintillator 
coincidences. The associated online and reconstruction codes were provided by the Bari (Italy) group 
[ 308H317H317H317H316H316H316H316H316H316H316H316H 3], who specialized in, among other things, the development of these detectors. 
 
 
 
 
PS setup at 3.5 GeV π - 
 
           Beam
       
 detectors
scintillators scintillators
3V 3H2V 2H1H1V 4V 4H 5V 5H 6V 6H
CPC
6 silicon strip 
 detectors
6 silicon strip 
 
Figure 42 : Principle of the PS test beam layout: the trigger for the 3.5 GeV pions is given by a four 
fold coincidence between the two crossed scintillators and collimates the selected trajectories over 
1 cm2. The CPC, along with 6 horizontal silicon strip and 6 vertical silicon strip detectors were readout 
with the DATEv2 acquisition system. 
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Figure 43 : ALICE1 in situ at the PS in CERN. The multiple scattering contribution was minimized 
by placing the electronics on the side of the active surfaces. The effective thickness was estimated to 
be 1.2% of a radiation length. 
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Figure 44 : Above is a quantified view of the overall layout, taken from a presentation given at the time. 
The evaluation of the detector thicknesses appear for the first time, and was a handicap for the spatial 
resolution measurements at the PS. The main scattering contribution came from the accumulated 
thickness of the silicon trackers. The ALICE1 electronics was not in the beam path and the overall 
detector thickness was estimated at 1.2 % of a radiation length. 
 
SPS setup 350 GeV π - 
The SPS experimental layout for this series of tests was the same as for the PS test period.  
 
At both the PS and SPS test beam sites, the detector was mounted on an adjustable, remote controlled 
displacement system that easily allowed different detector zones to be placed in the 1 cm2 beam spot. 
 
Online monitoring 
The code provided by the Bari group came complete with the tools for straight line reconstruction 
through the Silicon tracker. Correct adjustment of this code meant an easy comparison with the CPC 
reconstructed impact point could be made. In reality, only the hit pad patterns were observed online as 
the detector-to-detector alignment procedure was rather delicate, and the monitoring setup was not 
optimized for this. As well as this, each online “calculation” slowed down the acquisition cycle as new 
data buffers waited for the preceding ones to be analysed before continuing.  
 
Offline reconstruction 
The reconstruction codes were developed to compare the Mathieson-Gatti charge distribution 
reconstruction method and the barycenter method. The mappings used for this detector were multiple 
6 tracker planes, erticalV and orizontalH and their 
relative positions along the beam-line. 
 
 
 
Inter- plane distances. 
 
Multiple scattering per plane (in mrad) 
Cumulative multiple scattering (in mrad) 
 
Contribution to the spatial resolution per plane (in μm) 
Contribution to the overall spatial resolution (in μm) 
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and difficult to control. Numerous errors in the notation and in defining the detector's orientation 
considerably slowed down the data analysis. This was compounded by a problem in the FEE readout 
where channels occasionally “disappeared” from the data stream. This meant the subsequent channel 
numbering was offset by the number of missing (badly coded) electronics channels. The main lesson 
learned here was to adopt a more rigorous method for mapping controls and more checks on data 
coding in future experiments.     
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ALICE1 - Status Reports, Results and Simulations 
As previously indicated, the more polished results presentations can be found elsewhere, in this case in 
Liliane Kharmandarian’s thesis [34F34F 5] and the dimuon arm TDR ([309H318H318H318H317H317H317H317H317H317H317H317H 6] from 1999). Nonetheless, a set of 
results are given for each test period.  
The chronology of the report is as follows: 
• June’97 tests at the PS Status report   
• Sept’97 tests at the PS Status report   
• April’98 tests at the SPS Status report 
After the selected slides from these talks, models and simulations derived from this data set are given. 
The main subjects studied were the HV dependency of the spatial resolution, incident particle angle, 
reconstruction efficiency and gain. An estimate of the overall homogeneity of the detector response 
was made.  
All in all, six different geometries, with three to six HV settings per configuration and five different 
angular settings were studied; giving 39 different settings to be analysed.   
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June’97 tests at the PS Status report 
(from a talk given at CERN in October/November’97) 
 
 
 
 
 
 
 
Current variations on the two proportional wire grids as 
measured in the lab on a test bench. Thought to be due to 
temperature/pressure variations. 
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Effect of the bad resistor on the 
proportional wire gain to explain 
observed gain variations. 
Experimental rapid current variations  
on the 3.25 mm pitch proportional wire 
grid. 
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Analysis of the effect of the Ar/Ethane gas in contact with Aluminium. 
Apparently not a good combination. 
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Sept’97 tests at the PS Status report 
(from a talk given at CERN in October/November’97) 
 
Summary of the tests Main subjects of the talk. 
Observation of the electronics behaviour Electronics gain calibration 
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Calibration curves for 192 channels comprised of the straight line fit results. 
ADC response to 7 different injected 
charge values for 192 daisy chained 
channels. These points were then fitted with 
straight lines to determine the gain (slope) 
and calculate pedestal levels (the constant 
B below).  
Periodic gain default every 16 channels. 
Not well understood at the time. 
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Cathode plane response to single charged particle impacts. 
Basic online histograms. The interpretation of the channel number in terms of spatial 
coordinates is not yet done at this level. 
A first level reconstruction algorithm maps the gassiplex channel numbers to digital (X,Y) 
impact points. The beam impact area is obvious on the left hand figure. The four most 
frequently hit pads are analyzed. Their amplitudes are shown on the right hand side image. 
Apart from the general form of the distributions, the number of saturated pads indicates 
whether the electronics dynamical range is sufficient for the particular detector gain setting. 
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The results of a more detailed analysis of the 
charge distribution per event after threshold 
cuts and pedestal subtraction. The shape is a  
rough Vavilov distribution, the peak is 
indicative of the chamber gain 
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April’98 tests at the SPS Status report   
(Talk given at CERN in June’98) 
 
This data set was very productive, an extensive set of different geometries and HV settings were 
explored and gave better overall understanding of the detector response. The bulk of the results were 
presented in the TDR. 
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Experimental layout 
Talk overview 
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Residuals supposing different anode-
cathode distances in minimizing the charge 
distribution fit.  
Mathieson fit results: Residuals for one 
configuration, but supposing  two different 
anode-cathode distances. 2.5 mm gives 
68 μm and 2.64 mm gives 33 μm. The 
nominal  setting was 2.5 mm. 
COG algorithm: Basic form of the uncorrected 
reconstructed impact point with respect to the reference 
impact point for one pad length. 
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Estimated variations of the "true" anode-
cathode distance with respect to the 
mechanical specifications, and this for 
different HV values  
Residuals for two different wire 
pitches and varying HV. 
COG algorithm: corrected residuals 
with slices used to define the center, off 
center and edge areas of a single 5 mm 
pad width. 
COG algorithm: Basic form of the 
uncorrected reconstructed impact point 
with respect to the reference impact 
point for one pad length. 
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COG algorithm: projection of the corrected  
residuals. Overall resolution is 28 μm. 
COG algorithm: projection of the corrected  
residuals for different positions along one pad 
length. Results are 30 μm, 28 μm and 23 μm going 
from top to bottom. 
Residuals versus HV for the two 
reconstruction algorithms and the 
same geometrical layout. 
Reconstruction efficiency for the 
two anode wire pitches and the 
same pad layout. 
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Reconstruction efficiencies for the different 
pad geometries and anode wire pitches and 
their HV dependencies. 
Gain evolution for different wire 
pitches on a linear (top) and log 
(bottom) scale. 
Gain evolution for all the different 
pad/strip sizes. 
Apparent anode-cathode shifts for all the  
different pad/strip sizes. Based on the 
optimal charge minimization and leaving the 
anode-cathode parameter free to change.  
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Resolutions for the two different wire 
pitches as a function of HV.  
Resolutions for two different pad 
widths as a function of HV.  
Resolutions for two different pad 
lengths as a function of HV.  
Resolutions for varying angles on 30 mm 
long strips and with a 2.5 mm wire pitch at 
1600 V. More details can be found in 
reference [35], pp.93-95. 
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residual = tracker determined impact - detector COG coordinate  
Step 1: Uncorrected residuals versus tracker 
calculated impact point. For a given 
geometry the default should be the same for 
all pads. 
Step 2: Superimposed residuals. 
Same correction function is to be 
applied for all pads. 
Step 3: After application of the 
empirical polynomial correction 
function. 
Step 4: Projection of the 
corrected residuals. The 
resolution is 23 μm. 
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Note : These resolutions, being well within the required specifications, were voluntarily degraded in 
subsequent developments. This adjustment allowed the optimization of the anode-cathode gap and the 
total number of electronics channels.  
 
 
 
 
mμσ 20=
mμσ 24=
 Position dependent results 
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ALICE1 Simulations 
 
After the data analysis, both the PS and SPS experiments were simulated - the general idea being to 
get a better grasp of the detector behaviour. Once the main experimental observations were 
successfully reproduced, the detector model was used to predict the detector behaviour with different 
electronics characteristics. The expected spatial resolution was evaluated for several different potential 
electronics defaults (noise, cross-talk, threshold level, and relative gain). The actual electronics and 
“ideal” electronics were both simulated.  
This work was presented several times, and the following section is an adaptation of the TDR: 
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Modelling the test-beam data  
Introduction – ingredients for the model 
The experimental model used the following ingredients: 
• Landau distribution 
• beam profile 
• Gaussian noise function 
• Mathieson charge distribution 
• impact position-reconstruction algorithm 
• detector segmentation 
 
The individual contributions were evaluated from the experimental data taken with the first prototype 
at the PS in September 1997. Using the basic model several studies were carried out to evaluate the 
behaviour of the resolution and/or detector efficiency as a function of the key detector parameters. The 
studies covered: 
• the dependence of the spatial resolution on the electronics noise  
• calibration/gain precision vs. resolution 
• threshold cuts (in ADC units) vs. efficiency 
• crosstalk vs. resolution 
• all of the above for two different dynamical ranges. 
 
Landau distribution: Before the CPC prototypes were built, the original CPC simulations were 
attempted with the gas detector simulation program GARFIELD [ 310H319H319H319H318H318H318H318H318H318H318H318H 9] and the code provided by the 
PHENIX team at BNL [ 311H320H320H320H319H319H319H319H319H319H319H319H 9]. The major difficulty was to accurately simulate the energy loss of charged 
particles in the detector gas volume. During the PS data taking period the total energy loss was 
measured and so better models could be constructed. The work presented in the following pages was 
carried out over a period of 1-2 years, and was based on simulated Mathieson charge distributions, and 
the best reconstruction techniques of the time [ 312H321H321H321H320H320H320H320H320H320H320H320H 2]. In 313H322H322H322H321H321H321H321H321H321H321H321HFigure 45 the total charge, as measured in ADC 
units, is shown. The experimental distribution describes the energy loss perceived after accounting for 
threshold cuts, noise effects, calibration and ADC saturations. The aim was to discover the 
unmeasured Landau distribution that accurately describes all energy losses before the experimental 
mask is applied. 314H323H323H323H322H322H322H322H322H322H322H322HFigure 52 on page 315H324H324H324H323H323H323H323H323H323H323H323H96 shows the Landau distribution used at the input of the model, all 
subsequent total charge measurements and individual pad measurements were derived from this 
distribution alone. 
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Figure 45 : Experimental and modelled total charge distributions in the detector. The left-hand images 
correspond to the PS experimental data and the right-hand ones to the modelled version. The upper 
images describe the total charge measured per event for a given run. Individual pad measurements 
saturate at around 800 ADC units. The lower images correspond to the total charge measurements after 
application of saturation cuts per pad at 800 ADC units. 
 
Beam profile: The CPC resolution is position dependent. The best resolutions are achieved for impact 
points near the edge of a pad in the high-resolution plane; this is simply a consequence of the relative 
charge distribution on the pads. In order to accurately model the experimental data the X and Y beam-
profiles, as reconstructed with the external reference tracking system, were used. 
 
Noise distribution: The experimental noise distribution was measured during pedestal runs and was 
found to be stable throughout the seven days of data-taking, at an average of 1.2 ADC channels; as 
expected the distribution is Gaussian in shape. 
 
Mathieson–Gatti charge distribution: The basic formulae describing the Mathieson–Gatti charge 
distribution function is described in detail in reference [316H325H325H325H324H324H324H324H324H324H324H324H 0]. The experimental pad response function to 
the distribution is shown in 317H326H326H326H325H325H325H325H325H325H325H325HFigure 46 and is compared to the calculated one.  
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Figure 46 :  The experimental pad response function compared to the calculated Mathieson–Gatti 
charge distribution. The uneven left–right distribution of the experimental points reflects the 
experimental beam profile. 
 
The reasonable agreement between the experiment and modelled response for individual pads is 
visible in 318H327H327H327H326H326H326H326H326H326H326H326HFigure 47. 
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Figure 47 : Experimentally measured and modelled charge distributions on individual pads. The 
modelled values were obtained by distributing the total charge measurements over the individual pads 
using the Mathieson–Gatti distribution function. 
 
Detector geometry: Numerous geometrical configurations were simulated, but only one particular 
configuration is discussed here. The detector model was developed with a pad size of 5 mm×7.5 mm 
and an anode wire spacing of 3.75 mm. However, the configuration deemed to be the most difficult to 
handle - and of more interest here - concerns the same pad size, but with a  2.5 mm anode wire pitch 
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(see reference [319H328H328H328H327H327H327H327H327H327H327H327H 4]). The systematic study, which is described later on page 320H329H329H329H328H328H328H328H328H328H328H328H 4, was done for this 
particular case. 
Model conclusion 
The basic energy-loss characteristics in this detector were successfully simulated. General trends such 
as threshold cuts and calibration factors were implemented in the more detailed study and most 
experimental responses were successfully reproduced with the basic model. It was not possible to 
reproduce accurate residual values as there was a large amount of multiple scattering in the detector 
and tracking telescope, and the model being purely analytical contains no physics. In addition to this, 
there were a large number of dead strips in the tracking telescope which produced a complicated ‘dead 
strip’ mask on the data. The multiple-scattering contribution was estimated as being of the order of 
50 μm. The resolution was more successfully modelled when compared with the April 1998 data taken 
at the SPS, where the multiple scattering was an order of magnitude smaller. The simulated result is 
shown in 321H330H330H330H329H329H329H329H329H329H329H329HFigure 48, and this is to be compared with the experimental result shown (with all the 
results) in 322H331H331H331H330H330H330H330H330H330H330H330HFigure 49.  
 
Figure 48 : Simulated residuals based on the September 1997 PS data. The residuals for the PS beam 
profile are 32 μm, and 34 μm over one pad width. This result is to be compared with the April 1998 
SPS experimentally measured 33 μm.  
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Figure 49 : All the experimental residuals, for all the April'98 measurements, and their HV 
dependencies. The pink arrow indicates the point that can be compared with the simulated one.  
 
The date of the simulation appears on the top right hand corner of 323H332H332H332H331H331H331H331H331H331H331H331HFigure 48 and precedes the April 
1998 SPS data-taking period. Although the simulation shows a remarkable agreement with the 
experimental data, prudence is required in the interpretation. Secondary effects, due to delta electrons 
in particular, are not simulated. Similarly, large energy deposits are simulated with the Landau 
distribution, but the ionic cloud behaviour associated with these events is not.  
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Electronics modelling 
Using the detector model 
Using the modelled detector response the next step was to take out the experimental beam profile, and 
test the hypothetical detector response under a uniform beam profile. The perceived charges were 
studied over two dynamical ranges, both being subsequently coded on 10 bits. The aim was to see if 
any major degradation could be expected from using electronics with one-third of the gain at the 
preamplifier level as compared to the original system. 
In the following the September'97 PS experimental data is discussed and compared to the modelled 
behaviour. All resolutions and efficiencies were systematically evaluated for three pad impact points: 
• over 1 mm at the centre of a pad, 
• over 1 mm at the edge of a pad, 
• over a whole pad width (5 mm). 
 
Electronics noise 
The experimental noise was measured with the standard 1.5 μm GASSIPLEX modules. A sample of 
typical electronics raw spectra is shown in 324H333H333H333H332H332H332H332H332H332H332H332HFigure 50 (for 1152 daisy chained inputs). The units are in 
elementary ADC bins and correspond to 1.5 V on 1024 ADC channels, i.e. 1.46 mV per ADC channel. 
The overall average noise level is 1.77 mV with a dispersion of σ = 0.13 mV between channels. 
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Figure 50 : Typical noise level per channel (LHS) and the projected distribution for 1152 channels 
(RHS). 
 
The gain, as given by the GASSIPLEX specifications is 10 mV/fC to 12.3 mV/fC, and so an average 
gain of 11.2 mV/fC is assumed. This results in an experimental noise level of 0.158 fC, i.e. 
990 electrons. There are essentially three contributions to the noise: 
• the noise at 0 pF, equal to 650 electrons  r.m.s. for a 0.6 μs peaking time; 
• a noise slope of 15 electrons r.m.s. for a 0.6 μs peaking time; 
• the LSB of the 10-bit ADC coder. 
The final calculation gives an electronic-noise contribution of 1.61 mV (i.e. 900 electrons) or a 
capacitive equivalent of 16 pF. 
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For the next generation of 0.7 μm GASSIPLEX chips, the specifications are: 
• the noise at 0 pF, equal to 585 electrons  r.m.s. for a 1 μs peaking time; 
• noise slope of 11.2 electrons r.m.s. for a 1 μs peaking time. 
Basic estimations lead to a capacitive noise of 17 pF, or 770 electrons (r.m.s.).  
 
In 325H334H334H334H333H333H333H333H333H333H333H333HFigure 53(a) the modelled behaviour of the resolution as a function of the noise contribution is 
shown for both the 1.5 μm and 0.7 μm GASSIPLEX chips. The spatial resolution has a linear noise 
dependence. Based on these results, a maximum limit of 900 electrons (r.m.s.) of noise was requested 
for future developments and so staying well within the limits imposed by the experimental 
requirements. 
 
Dynamical range 
In 326H335H335H335H334H334H334H334H334H334H334H334HFigure 51 an example of an experimentally measured charge distribution is given. The measurement 
was carried out on pads of 5 mm×7.5 mm (anode–cathode gap = 2.5 mm and wire pitch = 3.75 mm) at 
a high-voltage setting of 1550 V.  
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Figure 51 : An example of an experimental spectrum for the maximum charge measured per event on 
an individual pad. The spectrum is re-dimensioned to two channels per bin for clarity. As can be 
clearly seen, the coders saturate just above ADC channel 800. The pedestal setting was around channel 
100. It can be seen from the two saturation peaks that there are two main pad contributions, each of 
which saturates at a slightly different level. The lowest saturating channel dictates the overall 
dynamical range for all the neighbouring pads. 
 
Several points are worth noting.  The saturation peak at the end of the ADC scale is seen to be at 
channel 800 and not 1024 (the true full-scale maximum). This low saturation value arises from the 
dispersion of the pedestal levels. In order to code the data, all signal levels require a negative offset 
value. Since this electronic chain has only one offset potentiometer per GASSIPLEX chain, then the 
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channel with the highest (most positive) offset level dictates the overall pedestal setting. The 
consequence of this is severe, and reduces the overall dynamical range of the chain. The saturation 
level corresponds to roughly 105 fC. 
 
Modelled data were used to evaluate the equivalent charge that corresponds to a 99% charge 
acceptance. As was shown in 327H336H336H336H335H335H335H335H335H335H335H335HFigure 45 and 328H337H337H337H336H336H336H336H336H336H336H336HFigure 47, the modelled and experimental data are in good 
agreement. It is reasonable to suppose that the unmeasured part of the spectrum from the model can 
reproduce an extended dynamical range. The modelled Landau distribution (in elementary ADC 
channels) is shown in 329H338H338H338H337H337H337H337H337H337H337H337HFigure 52. The two cuts at 89% and 99% correspond to the actual total charge 
acceptance (89%) and the desired acceptance (99%). To achieve the 99% level the dynamical range 
needs to be extended by a factor of 3.15, that is an equivalent range of 0 to 330 fC. This evaluation 
does not take into account the effect of differing pad lengths, but simple calculations indicate that a 
factor of 3 should be sufficient for all pad geometries. 
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Figure 52 : The Landau distribution evaluated with the model. With the original 1.5 μm version 
GASSIPLEX only 89% of the charges are unsaturated. This gives an unacceptable global efficiency of 
31%. The 99% limit should be attained with future GASSIPLEX versions and corresponds to 
increasing the dynamical range by a factor of 3. 
Crosstalk 
Experimentally there was no evidence of any noticeable crosstalk contribution. Nonetheless, it is 
important to try and estimate such an effect. A given crosstalk situation could be quite complex to 
describe, so only a simple (but realistic) situation was modelled. Crosstalk at the pad level could occur 
through imperfections in the mechanical construction of the pad segmentation. This effect was 
modelled over three neighbouring pads, by supposing that a certain percentage of the charge on each 
pad is picked up by the nearest neighbour. The overall charge measured on each pad is then 
 
QM-centre = QT-centre - 2εQT-centre + εQT-left + εQT-right 
QM-left = QT-left - εQT-left + εQT-centre 
QM-right = QT-right -  εQT-right + εQT-centre 
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where QT-position describes the true charge that would have been measured, QM-position describes the 
measure corrupted by crosstalk and ε is the fraction of the original signal induced on the nearest 
neighbour. In 330H339H339H339H338H338H338H338H338H338H338H338HFigure 53(b), the modelled results are shown for the two dynamical ranges 
corresponding to the two GASSIPLEX versions. 
 
Other parameters 
Beyond the direct GASSIPLEX modelling, the influence of threshold cuts and relative gain precision 
were modelled. It is clear that the threshold level directly influences the detection efficiency and the 
modelled result for the current and future dynamical range are shown in 331H340H340H340H339H339H339H339H339H339H339H339HFigure 53(c). In the model, the 
noise contribution was kept constant at the experimentally measured value of 1.2 ADC channels. 
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Calibration 
The current calibration procedure does not require the measurement of absolute gains, but of relative 
gains. These values are determined by charge injection on the GASSIPLEX test line. The procedure 
relies on knowing the injected charge value for each measured ADC output per channel. If all the 
injector capacitors are of the same value then the relative gain for each channel is easily determined. 
However, if the dispersion in these capacitance values is non-negligible, then the relative gain values 
will be false and consequently the fitting routine for the impact-point determination will use distorted 
data, and so degrade the resolution. The problem is that the test capacitors are difficult to measure and 
therefore future production methods should try to ensure as much homogeneity as possible. 332H341H341H341H340H340H340H340H340H340H340H340HFigure 
53(d) shows the results obtained when it is supposed that one particular pad (the one to the left of the 
maximum pad in this case) is allocated a wrong gain factor. The percentage error is directly 
proportional to the percentage error in the test injection capacitor. For example, a 5% difference on the 
capacitor corresponds to an additional 18 μm in the spatial-resolution value. The effects between the 
resolution at the centre and edges of the pad are very different as the relative charge varies rapidly with 
respect to the impact point (see the pad response function in 333H342H342H342H341H341H341H341H341H341H341H341HFigure 46). 
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Figure 53 : (a) The spatial resolution versus noise in electrons. The upper image describes the current 
1.5 μm GASSIPLEX modules, and the lower image the modelled 0.7 μm version; (b) the spatial 
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resolution versus crosstalk; (c) the detection efficiency versus the threshold value (in elementary ADC 
channels); and (d) the resolution versus the percentage error in the relative gain for one particular pad. 
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Electronics conclusion (text from 1999) 
The total number of readout channels for the ten chambers in the dimuon spectrometer will be of the 
order of 1.2 million. This high channel count, associated with the large size of the chamber planes 
requires a highly modular design for the readout electronics. The main design issues are high noise 
immunity, high reliability, low unit cost and ease of manufacture, installation and repair. The large 
size of the cathode planes prohibits the dispatching of low-level analog signals to the edge of the 
chambers. This imposes the use of locally embedded charge amplifiers and multiplexers. The VLSI 
chip GASSIPLEX, developed at CERN, has been selected for this function. Each chip can handle 16 
cathode pads and several chips can be daisy chained in order to reduce the number of ADCs. A new 
version (MANAS-16) is currently under development (in 1999), using1.2 μm technology. The local 
multiplexing of analog channels into common paths still does not solve the long-distance issues. In 
addition, the readout of all analog signals per trigger leads to large event sizes, most of which bear no 
useful information (no hit registered). Data should therefore be zero-suppressed as early as possible in 
the readout process. These two criteria have led to the solution of local digitizing and local signal 
processing. 
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ALICE 2 – full scale prototype of one quadrant 
 
Aims 
A full-scale prototype of one quadrant of Station 1 was constructed and whereas the previous 
prototype was used for detailed geometrical studies, this one was destined for the study of full-scale 
mechanical and electronics implementation issues. Nonetheless, the resolution and reconstruction 
efficiency, as well as the homogeneity of the detector response were evaluated. Different ratios of a 
well-known gas mixture were also tried with this prototype, the idea being to move away from the use 
of the flammable iso-C4H10 component. 
 
Figure 54 : A photograph of the full-scale prototype installed at the PS in November 1998. 
 
Mechanical issues 
The feasibility of extrapolating the construction method and tools to a larger scale had to be shown and 
several mechanical factors, that could potentially alter the detector response, were to be tested. The 
detector walls had to be shown to be rigid enough to resist the deforming hydrostatic pressure of the 
gas in the detector; the minor mechanical defaults from the gluing of several PCB pieces that compose 
the active pad surface should not affect the detector response; and the 1 m long (maximum length) 
anode wire plane should be stable - and this over the whole surface. The detector's spatial resolution, 
reconstruction efficiency and gain evolution were measured with the test beams at the PS in November 
1998 (6 GeV/c pions) and the SPS in May 1999 (375 GeV/c pions).  
A photograph of the detector in the beam-line at the PS in November 1998 is shown in 334H343H343H343H342H342H342H342H342H342H342H342HFigure 54 and 
gives an idea of the overall scale. Three planes of silicon trackers are clearly visible to the left of the 
ALICE2 prototype.  
 
Electronics issues 
The larger detector scale implied longer transmission lines for power supplies and signal 
communications to and from the remote acquisition crate; tests for voltage drops, correctly adapted 
signals and signs of pickup were carried out.   
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The Nov'98 tests focussed more on assessing the performance of the high density of transmission lines 
in the FEE (front-end electronics) daughter-boards. The general layout and density corresponding 
more or less to the projected design for the next generation of electronics circuitry, it was appropriate 
to check for undesired defaults such as crosstalk, elevated noise levels, and timing defaults. These tests 
were carried out with PLAC (see 335H344H344H344H343H343H343H343H343H343H343H343HFigure 67 on page 336H345H345H345H344H344H344H344H344H344H344H344H112), the new electronics supply board (or 
motherboard) and a specially adapted reduced size PCB daughter board (GAS64, see 337H346H346H346H345H345H345H345H345H345H345H345HFigure 67 and 
338H347H347H347H346H346H346H346H346H346H346H346HFigure 71(a)) containing four GASSIPLEX preamplifier chips. ADC coding was carried out with the 
10-bit C-RAMS - as used in the previous tests - and were located in the acquisition crate at a distance 
of several meters from the detector. 
Between the November'98 and May'99 tests, a new electronics card, with a 12-bit coding ADC 
implemented locally on the FEE (NULOC, see 339H348H348H348H347H347H347H347H347H347H347H347HFigure 69), was designed and tested. This "multi-chip 
module" (MCM, see 340H349H349H349H348H348H348H348H348H348H348H348HFigure 71(b)) was tested during the May'99 SPS tests. 
 
Beam Tests 
This detector was used in two sets of beam tests: 
• November'98 at the PS with negatively charged pions at 6 GeV/c, and  
• May'99 at the SPS with negatively charged pions at 375 GeV/c. 
 
Detector geometry 
The main characteristics of the detector prototype are as follows: 
 
• active surface: 0.63 m2 
• radius: 915 mm 
• PCB thickness: 0.4 mm 
• Copper thickness: 17.5 μm 
• pad sizes: 5×7.5; 5×15 and 5×30 mm2 
• total active pad count: 9866 
• number of anode wires: 371 
• anode wire material: gold-plated Tungsten 
• wire diameter: 20 μm 
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Mechanics - Assembly and construction 
A detailed view of the chamber is shown in 341H350H350H350H349H349H349H349H349H349H349H349HFigure 55 with a general view in 342H351H351H351H350H350H350H350H350H350H350H350HFigure 56 (LHS). The 
chamber is based on ‘composite sandwich’ technology. The main materials used are stabilized 
aluminium, epoxy resins (FR4), Kapton (polyimide), copper, nickel/gold and Rohacell foam.  
 
  
 
Figure 55 : Expanded view of the ALICE2 prototype. There are two exit planes (n1 and n2) to allow 
easy dismantling: the first is the mechanical one and the second is the electrical one. For the final 
design, these two planes are merged. The 'Gas64 PCB' represents the front-end electronics modules. 
 
As shown on the RHS of 343H352H352H352H351H351H351H351H351H351H351H351HFigure 56, the cathode plane PCBs (1) are assembled on aluminium frames 
(2) so that the distance between the two cathode planes is constant. The rigidity of the assembly is 
provided by Rohacell foam (3) (and 344H353H353H353H352H352H352H352H352H352H352H352HFigure 57) glued to the cathode and exit planes (4). The front-end 
electronics (5) can be mounted at this level. The anode plane (6) is positioned exactly in the middle of 
the two cathode planes by the aluminium frames. 
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Figure 56: General view of the ALICE2 prototype (LHS) and cross section cut (RHS). 
 
 
As shown in 345H354H354H354H353H353H353H353H353H353H353H353HFigure 57, the connection between the cathode plane pads and the front-end electronics is 
achieved by Kapton foils. Four different foil designs were required to match the different accesses to 
the high density front-end electronics on the chamber. Each foil contains between 52 and 64 
connections, two ground lines on each edge, and is attached to a 70-pin connector. 
 
 
 
Figure 57: Cathode mechanical structure. The rigidity of the design is ensured mainly by the Rohacell 
foam which constitutes the heart of the structure. 
 
The holes that allow the electrical connection between the pads and the back face of the PCB are filled 
directly by the PCB manufacturer with a photosensitive varnish. This varnish is used to render the 
surfaces airtight (see 346H355H355H355H354H354H354H354H354H354H354H354HFigure 58). 
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Figure 58: The holes of the cathode PCB are filled with varnish to render them airtight. 
 
The cathode pads are connected to the ground reference through the input impedance of a 
GASSIPLEX module. The connections are kept as short as possible to reduce the impedance between 
the front-end electronics and the local ground for the high-frequency component of the signal. The 
ground potential of the cathodes is ensured by the exit plane, as defined in 347H356H356H356H355H355H355H355H355H355H355H355HFigure 55, and by ground 
lines on the cathode circuit. To make the current return path as short as possible, the back face of the 
cathode plane (PCB) is partially covered with ground lines. These lines are connected to the 
aluminium frames every 8 to 10 cm. The frames provide the reference ground potential for the whole 
detector. The design of these ground lines is shown in 348H357H357H357H356H356H356H356H356H356H356H356HFigure 59. The vertical lines are parallel to the 
length of the pads and strips. This explains their smaller width compared to the horizontal lines. In this 
way capacitive coupling between pads is minimized whilst ensuring good ground continuity. 
 
 
Figure 59: Ground lines and connections to the Kapton foils (pad plane). 
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Figure 60 : Detail of the backside of the cathode plane PCB showing the very high density of 
connections between the pads in the innermost arc and the readout connector. 
 
 
Figure 61 : Fine detail of a (hand) soldered Kapton connector (in green).  
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Figure 62 : Photograph of the 6 individual PCB's used to build up the full cathode plane. The left hand 
side shows the view of the pads and the right hand side shows the backside with the readout circuits. 
The variable pad and connector densities are visible. 
 
 
 
 
 
 
 
 
 
Figure 63 : View of the hand soldered Kapton connectors before the addition of the Rohacell support 
layer. The black readout connector on each Kapton regroups the pads in sets of 64 and is plugged 
directly to the GASSIPLEX inputs.  
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Figure 64 : The white Rohacell plane, providing the lightweight mechanical support for the pad plane 
is seen with the green coloured Kapton foils in folded over in their pigeon holes (to protect them 
during the mounting process). The anode plane skirt is visible round the outer edge of the detector, 
extending beyond the aluminium support frames. 
 
 
 
 
 
Figure 65 : A view of the final detector, before the addition of the electronics. The three PLAC 
circuits cover the active surface area. In this photograph the gas supply is attached, the detector was 
undergoing tests for air tightness at the time.  The denser area of connectors on the outer (upper left-
hand side of the image) edges of the PLAC circuits are the connectors used to transmit the outputs to 
the general (remote) acquisition.  
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Electronics 
Local readout cards for 64 channels 
The FEE was developed in several stages and these are summarized in the following slides (from 
ALICE meetings). 
 
 
Figure 66 : Summary of the electronics development phases. 
 
The slide shown in 349H358H358H358H357H357H357H357H357H357H357H357HFigure 66 gives a summary of the first two readout methods tested on this detector. 
The first method (I) describes the classical method used up to this point namely, four 1.5 μm ceramic 
encapsulated GASSIPLEX chips (GAS64) mounted on a reduced sized PCB daughter board. The 
analog output was transmitted over several meters to the standard C-RAMS ADC coder placed in the 
remote acquisition crate. This technique was used during data taking at the PS in November 1998. 
  
The second method (combining II and III in 350H359H359H359H358H358H358H358H358H358H358H358HFigure 66) involves local ADC coding and the 
transmission of a digital signal to the general DAQ crate (step 3 above). This layout was tried for the 
first time at the PS in Nov'98 in a series of tests dedicated uniquely to electronics and acquisition 
issues. No useable detector charge measurements were taken with this intermediate test layout which 
involved the use of two new pieces of electronics, namely PLAC and NULOC.  
The motherboard PCB (PLAC) used for the distribution of the low voltage supplies and transmission 
of control signals was developed during this period (step 2 above) and evolved throughout the tests to 
accommodate the different layouts. A photograph of the first PLAC motherboard is shown in 351H360H360H360H359H359H359H359H359H359H359H359HFigure 
READOUT OPTIONS
Step 1: used at the PS in Nov'98 
Step 2: used at the PS in Nov'98  
             and at the SPS in May'99 
Step 3: tested at the PS in Nov'98  
Step 4: multi-chip module used at  
the SPS in May'99, see Figure 70. 
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67 along with a summary of the different electronics issues to be tested/developed with this board. 
Three PLAC boards were used to cover the whole detector surface and the overall layout of three 
boards joined together to cover the whole surface is summarized in 352H361H361H361H360H360H360H360H360H360H360H360HFigure 68. 
 
 
Figure 67: View of the first PLAC motherboard (prototype Dec'97) and the GAS64 (prototype 
Dec'97) daughter boards. 
 
 
 
 
 
 
MOTHERBOARD PCB 
PLAC - digital signal and 
low voltage transmission 
plane 
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Figure 68 : Three PLAC circuits, ALI21, ALI 22 and ALI 23 are joined to cover the whole detector 
surface. The arrowheads indicate positions of readout connections that regroup eight daughter boards 
at a time. The long term aim was to readout the whole row. The final object can be seen, mounted on 
the detector, in the photograph of 353H362H362H362H361H361H361H361H361H361H361H361HFigure 54 on page 354H363H363H363H362H362H362H362H362H362H362H362H103. 
  
The layout logic and high density of electronics lines of the final multi-chip module (MCM) were first 
tested with the NULOC card ( 355H364H364H364H363H363H363H363H363H363H363H363HFigure 69). This card was designed to be mounted piggyback on the 
GAS64 daughterboard, and was the first attempt at coding the GAS64 analog signal on the detector 
backend. The transmission of the coded signals, over six parallel digital lines to the remote acquisition 
crate, was also tested with the NULOC cards.  
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Figure 69 : Summary of the GAS64/NULOC logic (prototype April'98); LCA = logical cell array. 
 
The main MCM ideas are given in 356H365H365H365H364H364H364H364H364H364H364H364HFigure 70 and the GAS64 to MCM physical transformation can be 
seen in 357H366H366H366H365H365H365H365H365H365H365H365HFigure 71. 
NULOC: LAST STEP BEFORE THE MCM
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Figure 70 : MCM summary. 
   
 
 
           
 
                                          (a)                                                                            (b) 
 
Figure 71:  (a) GAS64: on front view the four 1.5 μm ceramic encapsulated GASSIPLEX chips are 
visible, on the back side the HV discharge protection circuits are visible and (b) a view of the two 
sides of the fully packaged MCM with the plastic encapsulated 1.5 μm GASSIPLEX chips, DSP 
controller and ADC on the upper image. 
 
GAS64 (before) 
MCM (after) 
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Gas supply 
Ar/iso-C4H10(20%) with the new gas distribution system providing an automated mass flow control 
operated  through a Bridgeview interface on a standard PC. This was a first “slow control” test, with 
access to the temperature and pressure as measured by the detector on the roof of the DELPHI 
experiment. 
 
Readout/acquisition 
The new FEE electronics layouts implied new strategies for the acquisition cycle that take into account 
the two-way communication between the final numerical coded charge and the local event builder. 
This was done using DSP (Digital Signal Processor) technology controlled by a LCA (Logical Cell 
Array), The DSP being physically placed on the readout buffer on the backside of the detector, and the 
LCA near the VME interface card. The general communication was controlled though the SPAC card, 
a processor using a protocol specially developed for this application. 
 
 
 
Figure 72: DAQ scheme using the local digitization NULOC cards.  The Logical Chip Array (LCA) 
communicates the logical actions to the six parallel GAS64+NULOC buses. The SPAC element is a 
DSP (Digital Signal Processor) and ensures the two-way communication with the VME crate. 
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Figure 73: Modified part of the DAQ logic with the new MCM card. The logical functions 
programmed in the LCA are listed and are: the address coding sequence; pedestal subtraction; zero 
cancellation; readout sequence, and the link-port interface.  
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ALICE2 - electronics tests 
GASSIPLEX and GAS64 tests 
The analog performance of these modules was first evaluated in a stand-alone test-bench experiment. 
Noise levels, pedestal dispersion and linearity response were measured on 18 modules (totalling 72 
GASSIPLEX and 1152 inputs) using the usual C-RAMS ADC coder. The chips were sorted into four 
typical offset classes. Chips belonging to the same class were mounted on each GAS64 to optimize the 
overall dynamic response resulting from the different pedestal levels. A common resistor was then 
adjusted to obtain a minimum offset on groups of modules. 
 
Measuring conditions: 
• Preamplifiers: 1.5 μm ceramic encapsulated GASSIPLEX chips. 
• Input sensitivity: 12.5 mV/fC. 
• Resolution: 10 bits. 
• ADC range: 0–1.5 V i.e. 1.465 mV/channel. 
• Readout frequency: 500 kHz. 
 
PLAC motherboard tests 
The aim of the first tests was to study the layout methods for grouping several modules and to 
investigate the analog issues such as noise, crosstalk and power-supply voltage drops. The PLAC 
motherboard was a double-sided FR4 PCB with a size of 100×40 cm2 and a copper thickness of 
17.8 μm. It was tailored to accommodate 56 GAS64 modules, wired together through the analog bus in 
subsets of eight. Prior to the Nov'98 tests at the PS, it became obvious that the PCB area available for 
signal routing was very tight and long analog paths were to be avoided. This led to the MCM 
development discussed above.  
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GASSIPLEX and GAS64 test results (from [358H367H367H367H366H366H366H366H366H366H366H366H16]) 
Noise levels 
In 359H368H368H368H367H367H367H367H367H367H367H367HFigure 74 the average noise value measured for 1152 channels is shown. The values show the noise 
on the GASSIPLEX+ADC chain; the electronics was not mounted on the detector for this set of 
measurements. The scale is in elementary ADC units. It can be seen that the average noise level is 
within a range of 0.85 to 1.2 ADC channels and that there is an excellent homogeneity between the 
different channels. In the same Figure the projection of the noise levels is shown, giving the frequency 
of each noise value. The average noise level corresponds to 1.056 elementary ADC channels i.e. 
1.55 mV. Given a GASSIPLEX sensitivity of 12.5 mV/fC and an output buffer gain of 0.96, the 
average electronic noise is estimated to be  
 
1.056 × ( )96.045.1 × ( )5.126250  =  800 electrons 
 
Again, looking at the RHS of 360H369H369H369H368H368H368H368H368H368H368H368HFigure 74, the width of the noise distribution is roughly σ = 0.09 
channels, i.e. around 0.125 mV. 
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Figure 74 : The experimental electronic noise per channel is shown on the left, and the overall 
distribution on the right. 
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Pedestal dispersion 
361H370H370H370H369H369H369H369H369H369H369H369HFigure 75 shows the average pedestal value after selection, measured for 18 GAS64 boards as a 
function of the channel number. The projection of this figure, as shown on the RHS of the same Figure 
allows the pedestal distribution to be quantified over all the channels to consequently determine the 
overall effective ADC dynamical range. 
0
20
40
60
80
100
200 400 600 800 1000
Channel number
pe
de
st
al
 (A
DC
 ch
an
ne
ls)
0
5
10
15
20
25
30
0 10 20 30 40 50 60 70 80 90 100
ADC channels
n
u
m
be
r 
of
 co
un
ts
 
Figure 75 : Pedestal values versus per channel number (on the left)  and the projected distribution (on 
the right). 
Linearity measurements 
The linearity of each channel was measured during the test-beam runs by injecting a signal on the test 
line of each GASSIPLEX module. Roughly seven different amplitudes were injected using a passive 
attenuator and the measured output ADC values were recorded. Due to the internal GASSIPLEX chip 
wiring, there is a noticeable difference in the perceived effective gain for certain GASSIPLEX 
channels. The injected charge transits through the module going from the sixteenth channel to the first. 
The sixteenth channel systematically shows a higher effective gain as there is some parasitic pickup 
between this channel and the injected charge. This is due to the way in which the GASSIPLEX chips 
were embedded in the GAS64 PCB. The injected charges vary from 0 mV to 1300 mV. It is important 
to note that in the 0 mV measurement the input to the passive attenuator is open, as opposed to the 
GASSIPLEX input, in order to maintain the same impedance on the test line. A typical set of 
calibration curves for 512 channels is shown in 362H371H371H371H370H370H370H370H370H370H370H370HFigure 76(a). 
Each individual channel is fitted by a straight line: 
 
ADC channel = effective gain ×Vinjected + pedestal_ 
 
In a given chain of GASSIPLEX chips, the channel that saturates the quickest is noted and is used for 
software cuts in the offline analysis. The 0 mV measurement is not included in the fit as it corresponds 
to the pedestal measurement. Instead, using the straight-line fit, the pedestal measurement is calculated 
and compared to the equivalent measurement taken online during the data acquisition. In all the tests 
carried out so far the predicted pedestal values and experimental values correspond to within the 
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measured noise levels. This confirms that the calibration configuration is comparable to the data-
taking set-up. 
 
In 363H372H372H372H371H371H371H371H371H371H371H371HFigure 76(b), the effective gains per electronic channel are shown for 512 channels. The gain values 
correspond to the slope of the straight line from the individual fits. 364H373H373H373H372H372H372H372H372H372H372H372HFigure 76(c) shows the gain 
distribution values and 365H374H374H374H373H373H373H373H373H373H373H373HFigure 76(d) shows the difference between the calculated and experimental 
pedestal values per channel. Finally, 366H375H375H375H374H374H374H374H374H374H374H374HFigure 76(e) displays the distribution of the values, shown in 
367H376H376H376H375H375H375H375H375H375H375H375HFigure 76(d). It is worth noting that the distribution peaks at 1.2 ADC channels, which is the 
experimental noise level measured. One in every 16 channels shows an apparent higher gain than the 
average values. This is due to pickup on the test injection line for the sixteenth channel of every 
GASSIPLEX. 
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(d) (e) 
Figure 76 : (a) A histogram of 512 channels from a calibration run; (b) the effective gains evaluated 
from a straight-line fit and (c) the calibrated gain distribution. (d) The difference per channel between 
the calculated and measured pedestal levels with (e) its distribution. 
  
Gain estimate  
As the value of the test-line capacitor per GASSIPLEX module is difficult to determine, it is hard to 
obtain a precise gain value since the precise amount of injected charge is not known. Nonetheless, 
using reasonable assumptions, a gain of roughly 12 mV/fC is estimated and compares well with the 
manufacturer’s specifications. 
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PLAC motherboard test results 
Noise measurement – first test 
368H377H377H377H376H376H376H376H376H376H376H376HFigure 77 shows the results for the electronic noise measurements carried out on 1152 inter-connected 
channels. The configuration was the GAS64 and remote C-RAMS ADC coding. The average noise 
level is roughly 1.06 channels, i.e. 1.55 mV. Given the GASSIPLEX sensitivity is estimated to be 
12.5 mV/fC, and the output buffer gain was estimated to be 0.96, the average electron equivalent noise 
is 800 electrons. The noise dispersion is approximately σ = 0.125 mV.  
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Figure 77: Raw data spectrum of the 1152 inter-connected GASSIPLEX channels on the PLAC 
motherboard. 
 
Noise measurement – second test 
A digital board (NULOC) was then added to each GAS64 board in order to test the local analog-to 
digital conversion. The buses became digital and were routed all the way through the chamber plane 
up to a peripheral card acting as the master processor (INV). The total load on the bus was 10 units per 
set (three NULOC and seven passive place-holders). The data were read out with a VME crate using a 
fast serial link (SPC). The INV processor card was linked to the upper level through a fast serial link 
(SPAC) leading to a VME interface board (Spac-master). The VME master processor was a Power-PC 
running the CERN acquisition software DATE3. 
 
Noise measurement – third test 
The full-scale prototype was then tested in-beam on the SPS line with the first production set of MCM 
boards. The test configuration was the following: A special interface board was used to connect a strip 
of six MCM to the PLAC prototype base board. The purpose of this interface board was to provide a 
mechanical fixing for the modules, the power distribution and the Patch-bus interconnections. It had 
been designed to fit into any place on the chamber plane to allow several electronic densities to be 
tested. The bus was linked to the INV processor board through a ribbon cable and the processor itself 
was remotely read by the VME crate as before. The pedestals and noise levels were measured at 
several locations on the chamber. The same measurements were performed using the C-RAMS 
modules in order to compare the performances. The noise levels obtained with the MCM appear to be 
slightly improved (1.6 mV compared to 1.8 mV for the C-RAMS set-up). 369H378H378H378H377H377H377H377H377H377H377H377HFigure 78(a) and (b) show 
some experimental results from the May 1999 SPS test-beam data. 
Marion MacCormick Page 123  ALICE2 - electronics tests 
0
20
40
60
80
100
120
140
20 40 60 80 100 120 140 160 180
ADC CHANNELS CONVERTED INTO mV
ST
A
TI
ST
IC
S
σ = 1.58 mV
 
0
10
20
30
40
50
60
0 2000 4000 6000 8000 10000 12000 14000
ADC CHANNELS CONVERTED INTO mV
ST
A
TI
ST
IC
S
HV = 1640 V
0
10
20
30
40
50
60
70
0 2000 4000 6000 8000 10000 12000 14000
ADC CHANNELS CONVERTED INTO mV
ST
A
TI
ST
IC
S
WITH MCM
WITH GAS64+CRAMS
 
(a) (b) 
Figure 78 : (a) MCM noise distribution giving an equivalent σ value of 1.58 mV.  This can be 
compared to the 1.2 ADC channels, or 1.8 mV equivalent, found with the GAS64+C-RAMS setup. (b) 
Two charge measurements (shown in equivalent mV units) taken from the May'99 SPS test-beam data. 
Experimental conditions were the same for both measurements; the MCM coded result is shown above 
the GAS64+C-RAMS one. The two results are in agreement, showing that the new MCM performs 
satisfactorily. 
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ALICE2 - mechanical tests  
 
The mechanical defaults on this full-scale prototype were tested through charge response to single 
particle impacts. For a constant HV setting, this integrated charge per impact point is expected to give 
a constant Landau peak position - to within the precision of the individual pad threshold. A significant 
change in the Landau peak position reflects a different internal gain factor, the main culprit being the 
mechanical geometry (with the reasonable supposition of a homogeneous gas environment and no 
local poisoning that could influence the internal gas gain).  
 
The cathode pad plane is composed of six smaller planes, glued together. The detector gain was 
measured at several points along the glued junctions to see if there was any noticeable effect. A left- to 
right-hand scan was also carried out. The aim here was to compare, for constant settings, the gain as 
measured on the outer edge and inner region. A variation is expected if the inter-cathode and anode-
cathode distances are not constant (once again supposing a homogeneous gas environment). 
 
Figure 79: The individual PCB cathode pieces showing the test points near glued junctions and a scan 
from the edge to the inner detector.  
 
The final results showed that the overall gain was stable for all nine points tested, to within 12% of the 
average response. A gas mixture of 20% CO2/Ar was used and a HV of 1650 V was applied to the 
anode wires. 
The performance of different gas mixtures 
 
The well known gas mixture of Ar/CO2 was tested with this full scale prototype. The aim was to see if 
this stable mixture, for which no ageing affects have ever been observed, could provide a sufficiently 
high gas gain. This would allow the migration to a cleaner, non-toxic and non-inflammable gas 
mixture, in keeping with the new CERN legislation. The number of pads hit in response to the passage 
of a single particle, as well as the gain estimation and spatial resolution were measured. The causes of 
inefficiency were looked at more closely with this data set. 
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Number of pads hit per event 
 
The number of pads hit per event, regardless of the spatial resolution or gain, is an important quantity 
as it gives the basic occupancy per single particle. The Mathieson-Gatti pad response function, which 
gives the relative charge on each pad, can be used to predict the number of hit pads. In this case they 
were simply measured. 
 
 
Figure 80 : The total number of pads hit, for same sizes cathode pads, for different gas mixtures and 
HV settings. The initial image (shown in reference [370H379H379H379H378H378H378H378H378H378H378H378H17]) contained an error.  
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Gain 
The peak position of the total charge measured in the detector, the spatial resolution, and the total 
reconstruction efficiency were evaluated for three basic gas mixtures: Ar/CO2 with proportions70:30, 
75:25, and 80:20. 
 
 
 
 
Figure 81 : Evolution of the peak charge value measured for similar setups with 350 GeV/c pions at 
the SPS in May'99. The highest gain is obtained with the largest Argon gas portion. The gain evolution 
is similar for all three mixtures and doubles roughly every 80 V. 
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Spatial resolution  
The spatial resolutions for single particles, using the basic centre-of-gravity reconstruction algorithm, 
were evaluated for the three gas mixtures. The different HV ranges reflect the electronics saturation 
limits - which depends on the gas gain, and therefore the gas mixture. The detector's linear plateau 
extends beyond these limits, but was not measurable with the 1.5 μm GASSIPLEX chips employed at 
the time.  
 
Figure 82: Experimental spatial resolutions as measured at the SPS with 375 GeV/c incident pions. 
For each mixture, increasing the gain betters the position resolution.   
 
More detailed and extended results and discussions can be found in Chapter4 of reference [371H380H380H380H379H379H379H379H379H379H379H379H 5]. 
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ALICE 3 
Aims 
There were two separate test periods at the SPS with different aims: 
• Single hit setup – for the study of spatial resolution, single hit efficiencies, new 
geometries, correlated cathode plane measurements.  
• Multi-particle setup at SPS/H4 – a first measurement of the double hit resolution with 
correlated cathode planes. 
The main idea behind this detector was to evaluate the detector response with two active cathode 
planes. This was the first detector constructed specifically for correlated charge measurements using 
fully implemented opposing cathode planes. In the light of the LHC Committee report on the prototype 
tests preceding the ALICE3 prototype, new pad geometries and anode-cathode separations were to be 
tested. The proposed geometries were to test 5 mm x 7.5 mm pads with a 2.5 mm anode-cathode gap, 
and 6 mm x 4 mm pads with a 2 mm gap. The LHCC report clearly leaned toward a 2 mm anode-
cathode gap to reduce the overall occupancy per event, a problem that took on a greater importance in 
the light of background physics simulations showing unfavourable (>>5 %) occupancies over the 
detector surface. Single- and multi-hit experiments were carried out at the SPS in June 2000 with a 
350 GeV/c π- beam and, ideally, the chamber efficiency, linearity plateau, spatial resolution and 
number of pads hit per particle impact were to be evaluated. Unfortunately, the very short time 
window for constructing and testing this prototype meant that the data set was not fully exploited. The 
multi-hit analyses (looking for the double hit separation limit) were left unfinished, leaving a sense of 
frustration. However, decisions had to be made within stringent time limits and this particular analysis 
was not thought to be critical at the time.  
The 1.5 μm GASSIPLEX chips were the only electronics available at the time, and so the tests were 
carried out with them, even though they meant using a limited dynamical range.  
 
 
Detector geometry 
The outer shell of the ALICE1 prototype was used to house the new ALICE3 cathode planes. The 
anode wire plane was composed of two separate wire grids, one with 2.5 mm spacing and the other 
with 3.75 mm spacing. The two wire grids had separate HV supplies. 
The "multi-geometries" accessible with this prototype are shown in the images that follow. 
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Figure 83: Cathode Pad layout for "Plane A" (on the LHS) containing four separate pads regions, 
labelled zones 1 to 4, and "Plane B" (on the RHS) with two separate pads regions, labelled zones 7 and 
8. Plane A has two zones of pads at 4 mm x 6 mm and two at 5 mm x 7.5 mm. Plane B has one zone of 
with each pad size. 
 
The geometry is such that the two cathode planes have opposing pads aligned either with a half-pad 
offset in one - or both - directions. This means that the same charge distribution (in the vicinity of the 
anode wires) will be distributed differently on opposing cathode planes. This simple - but astute - 
detector layout provides access to several cathode plane and anode wire combinations, but only a 
couple were really of interest since a good idea of the final geometry was already in view, but had yet 
to be tested.   
                                  
 
Figure 84: The two images show the relative pad positions through a transparent view of the cathode 
planes. The magnified part of the images shows the plane A pads drawn as full lines, with respect to 
the Plane B pads which are drawn with dashed lines. On the LHS the pads are offset by a half-pad in 
one direction and on the RHS, with Plane A rotated through 180°, the pads are offset by one half-pad 
in two directions. The wire grid can be seen in these images with the two different wire spacings at 
3.25 mm and 2.5 mm.  
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Electronics 
The GAS64 integrated circuits were used with the same implementation as for the ALICE2 prototype.  
 
Readout/acquisiton 
The general ALICE acquisition program DATE was used for the beam tests. Version 3 of the DATE 
developments was used and results from the test beam performances were used to define some of the 
version 4 characteristics. The output buffer was sent to a separate PC for offline monitoring. 
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Test beam layout 
The multi-particle layout required that the support tracking detectors cover a larger area, and this was 
done with a 1 m2 CPC detector.  
 
 
 
(a) (b) (c) 
 
Figure 85 : (a) shows the ALICE3 prototype being tested, the four different pad areas are visible via 
the four output circuits (b) a view of the copper pad plane, and (c) the HMPID CPC used for multi-
particle tracking. 
 
Online monitoring 
For the first time, the data stream was translated to an object oriented form. The objectification logic is 
shown in 380H380H380H380H380H380H380H380HFigure 86 (see Appendix B for full details).  
 
TBDigitData
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Objectify()
0...1
 
Figure 86 : UML diagram showing the general architecture of the data stream objectification. 
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The first Object Oriented online monitoring programme, written specifically for the test beams was 
also implemented in these tests. An online suite of monitoring programmes, named the TestBeam 
ToolBox, was developed using an architecture that provided more long-term flexibility, allowing 
modules to be added/taken-out/re-used between different test-beam periods. A general view of the 
TestBeam ToolBox screen is shown in 381H381H381H381H381H381H381H381HFigure 87 with a sample of the active fields and buttons that 
provided easy-to-use access to the basic analysis parameters.  
 
 
Figure 87 : Screen capture and active GUI of the  TestBeam ToolBox.  The LHS shows available 
graphics objects with active fields in the lower half, and the RHS shows an example of the online 
graphics results (the location of the detector pads hit, in this case) and the associated region on the 
detector. The first object oriented mapping algorithm was implemented here.  The tabs at the top of the 
graphics panel, named Monitoring, Statistics, etc.... give details of the different support files request 
for the analysis. This was the very first general use OO program used in the test beams. 
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Offline reconstruction 
A simple correlated plane reconstruction algorithm was written. Different criteria based on the number 
of pads hit and the number of pads used to reconstruct events were studied. Efficiencies and spatial 
resolutions were evaluated for different selection criteria.  
The surprise in the data analysis of the correlated plane measurements is that the COG algorithm is 
sufficient to establish a high resolution impact point. The intrinsic default in the COG method for a 
single plane is automatically compensated for by the half-phase default on the opposing plane. This 
meant effective resolutions and efficiencies could be evaluated without an important contribution from 
the reconstruction algorithm itself.   
Results were obtained by two MSc. students during the course of a 2-month project with the group. A 
formal presentation and a written report were given at the end of their project, and the results were 
published in the Addendum to TDR5 for the Muon Spectrometer and a separate study was also 
presented in document [3735F35F 6]. 
 
 
Results 
Only the setup where the opposing cathode planes had a half-pad offset in both directions, was studied 
in detail. Having two active cathode planes has several beneficial effects on the reconstruction front. 
The far simpler centre-of-gravity algorithm could be implemented since the reconstructed impact 
points on opposing cathode planes have the natural position dependent default - but they have exactly 
one half-phase offset. So, in taking the average of the results, the two defaults annihilate. The idea is 
shown in 372H381H381H381H382H382H382H382H382H382H382H382HFigure 88 with the final result given in 373H382H382H382H383H383H383H383H383H383H383H383HFigure 89. 
 
 
 
 
 
 
 
 
  
 
 
 
Figure 88 : On the LHS the response of the two cathode planes (A and B) as a function of the beam 
impact point is given. The correlation between the detector response and the beam impact point 
follows a 45˚ slope, but with a geometrical default that depends on the beam impact point relative to 
the pad center. This well understood topological default is naturally corrected by taking the average 
value of the two planes. The result is shown on the RHS.   
 
These tests showed that the required specifications could be met. The reconstruction efficiency is 
acceptable, generally being above 95% at the time of the initial studies (and perhaps has been bettered 
since).   
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Figure 89 : Projected residuals for the impact points shown in 374H383H383H383H384H384H384H384H384H384H384H384HFigure 88, the result is 59 μm. The 
anode wire HV was 1475 V, filling gas Ar/CO2 at 80/20; the anode wire pitch was 2.5 mm, and the 
anode-cathode gap was 2 mm. The pad size was 4 mm in the high resolution direction and 6 mm in the 
other. 
 
 
 
σ = 59 μm 
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QUADRANT ZERO 
Aims 
Quadrant zero was originally to be the first fully functional quadrant and was to be the spare detector 
in the case of problems with the future system. It was the first detector designed to have two fully 
active cathode planes with an internal geometry corresponding to the best layout measured with the 
previous detector, ALICE3. However, since it turned out to be the detector that accumulated the 
greatest number of undesired mechanical characteristics, it was a very valuable test detector. Several 
issues may not have been noticed had it not been for the mixture of questions posed by the external 
referees, and the extra pressure put on the group as a whole to provide a true high performance 
detector, as opposed to a prototype.  
Detector geometry 
Several unresolved issues came to the forefront during the construction of this detector.  
The aluminium detector frames, which took the load of the anode wire plane and provided external 
rigidity, proved to be an unacceptable source of multiple scattering. The shadow cast by the frames 
imposed an overall "nearly dead" zone. The beam pipe support mechanism was still being finalized 
during this period and it was noted that the detector frames and beam-pipe support wires would not 
overlap, thus creating a more complicated (and un-necessary) inefficient region. The result was the 
abandon of the aluminium frames, and the design of a new “frameless” detector, so QUADRANT 0 
was still truly a prototype and not the final detector as hoped. Unfortunately, the first tests showed that 
the detector was not rigid enough, and that a central internal cathode-cathode spacer, which had 
already been designed, had to be implemented.  
Figure 90 : On the LHS, the "frameless" QUADRANT0 and on the RHS the old Al framed detector. 
 
It was known from the outset that stations 1 and 2 were to be enclosed in a front-end cone attached to 
the front absorber. The thermal constraint, applied to all detectors, is that the operational temperature 
stays below 40°C, no heat is to be evacuated to the ALICE cavern but to be extracted directly to the 
exterior. All exothermic heat sources were to be controlled in such a way that the detector 
performances, as measured in the more aerated test-beams, would be attainable in the final 
configuration. This had strong repercussions for the cooling of stations 1 and 2, where over 150,000 
individual electronics channels would be running continuously, in a very enclosed space, over large 
surfaces and where a homogeneous detector is a pre-requisite for an accurate particle impact 
reconstruction.  Thermal simulations were carried out, and a detailed report is given in reference [37F3636F36F 7]. 
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Gas supply 
The gas supply was not a source of worry in itself, the problem that appeared in the early stages of the 
detector manufacturing was that there was an important gas leak over the whole detector surface. This 
in turn was found to arise from the PCB construction where the connector vias, which had been 
pierced through the cathode plane boards, had not been filled with varnish to render them air-tight. 
This led to establishing more stringent quality controls. 
Electronics 
The electronics developments were slow to progress, the main characteristics were established on 
paper, but the manufacturing was not always such a straightforward process. The charge injection test 
circuitry was not implemented and the overall gain dispersion was a handicap to obtaining an optimal 
dynamic range.    
A full range of tests on temperature control, detector gas-tightness, and electronics quality were carried 
out and the results were presented to the LHC Committee during 2003. Transparencies from these 
presentations can be consulted through the ALICE web pages [38F37F37F37F 8], and a detailed report is found in 
reference [3938F38F 9]. Most issues were subsequently resolved, opening the way to the construction of the 
final detector.  
A detailed report on the final electronics and acquisition strategy is presented in the Production 
Readiness Report (PRR) [4039F39F 0].  
 
The end of the R&D tests - a personal note  
Several series of prototype tests were carried out, both in-beam and in the laboratory. I analysed all 
sets of results, making the associated code evolve at the same time. I presented most of the prototype 
results in the various ALICE weeks and international meetings.  
 I co-ordinated the quadrant zero construction meetings where engineers, technicians, and physicists 
exchanged their news and concerns. The concrete design of the final detector being more-or-less 
established, the corresponding computing model had to be constructed, and so I turned my attention to 
the main software issues.  
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THE VIRTUAL DETECTOR IN AliROOT 
The general framework for all the ALICE detector simulations had been an ongoing project over a 
number of years and the time was ripe to implement station 1 and 2 in the provided framework. The 
software equivalent of the mechanical, electronics and acquisition aspects had to be written for the 
Object Oriented AliROOT software.  
The tasks were broken down into several modules, as follows: 
• Phase 1 
• Compilation of the detector materials (Appendix C) 
• Detailed detector model in AliROOT (see 384H385H385H385H385H385H385H385H385HFigure 91) 
• Evaluation of the radiation lengths over the detector surface 
• Development of a simplified model that reproduces all materials with equivalent 
thicknesses and surfaces (see 385H386H386H386H386H386H386H386H386HFigure 92) 
• Implementation in AliROOT complete with all external support structures 
• Phase 2 
• Creation of sensitive surfaces on both cathode planes with virtual electronics 
readout 
• Creation of the real detector number system for relating electronics channels ↔ 
Cartesian coordinates (mapping) 
• Implementation of the mapping in AliROOT 
• Use of the mapping to generate sensitive surfaces.   
• Phase 3 
• Implementing the mapping in the reconstruction algorithm (Appendix D) 
 
Three main documents covering this period were written and two of then are included as appendices at 
the end of this document. The third document is David Guez's thesis, presented at Paris XI in 
December 2003 [40F40F 1].  
A study of the impact of different types of electronics breakdowns on the overall particle 
reconstruction efficiency was carried out, and the most robust electronics cabling scenario was 
established.  
Appendices C and D contain documents giving full details of the finished work. 
The following images are included only to give an idea of the models developed and amount of detail 
included.   
 
 
 
 
 
 
 
 
 
Berg connector Cu 
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Figure 91 : Very detailed detector model using true materials, thicknesses and layout. The high level 
of detail allowed the essential physical characteristics to be established, the ultimate aim being to 
reproduce these characteristics with a simpler model.  
 
 
Figure 92 : Simplified detector model using equivalent materials, thicknesses and layout. This model 
reproduces the essential physical characteristics of the detailed model. Full details can be found in 
[ 386H387H387H387H387H387H387H387H387H41].  
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Figure 93 : General view of the station 1 detectors, complete with support frames, electronics cards 
and true layout. 
 
 
Figure 94 : View of one quadrant, from the simulation. The frame (nuts and bolts included!) are 
visible. The electronics cards are coloured in green, and the underlying layers are built up using the 
simplified geometry shown in 388H388H388H388H388H388H388H388HFigure 92. The overall layout is established by placing a simple module 
at the positions defined in the mapping. The mapping algorithm is thus used to generate the simulated 
detector geometry. 
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Figure 95 : On the LHS, photograph of the inner arch of QUADRANT0, and on the RHS the equivalent 
simulated object. 
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ALICE 
The construction of the final detector quadrants started in 2004 at the IPN in Orsay, following the 
basic design established through the years of R&D prototyping work. The quality control and testing 
takes place in the laboratory, and the full set of detectors, comprised of nine quadrants in all, is near 
completion (at the time of writing). A few photographs of the assembly and final product are shown in 
the following. 
  
Figure 96 : The LHS shows a general view of the sensitive copper surface of one cathode plane. There 
is a central spacer which is used to ensure the cathode separation is as desired. A close up of this 
(difficult to see) spacer is shown on the RHS template.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 97 : Two quadrants, with (LHS) and without (RHS), the electronics motherboard. 
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Figure 98 : Three quadrants, fresh off the press, patiently await quality control. 
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Figure 99 : A close up of the densely populated inner arc that will be next to the beam pipe. Around 
80x64 readout channels are visible in this image.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 100 : General view of the final detector with the all electronics cards in place. 
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Figure 101 : The in/out control signals and data stream transit via flat cables. 
 
 
 
Figure 102 : Each row of electronics cards is connected to a local translator card (rightmost card on 
each row), that adapts the MANAS LVTTL signal levels to LVDS (Low Voltage differential Signals) 
suitable for the CROCUS board inputs. 
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Figure 103 : A photograph of one of the 20 dimuon arm readout crates. This crate deals with the 
readout and transmission of one half chamber of station 1, totalling nearly 60,000 individual channels. 
The crate measures approximately 19 cm in width and 25 cm in height, and contains 5 CROCUS cards 
and 1 concentrator card.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 104 : A Test setup, with two quadrants,  showing the strategy for positioning the readout 
cables (flat blue cables on the detectors' edge). 
Marion MacCormick Page 156  ALICE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 105 : A test setup, with the real detector quadrants and supports, a true to scale plastic beam-pipe 
and wooden front absorber support. One half of the two station 1 tracker chambers are in place.  
Figure 106 : The test setup showing the mechanical positioning for the whole of  station 1. 
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Closing comments 
The installation of station 1 in the ALICE cavern will start in 2007, as will the first LHC beams. All 
that will then remain is to get on with the physics.  
I truly enjoyed putting this document together, and thank my colleagues in hadronic physics for their 
patience, since it has meant I have paid less attention to current projects whilst writing this manuscript.  
I would like to thank the people who helped out in providing old and new images and information. 
There was a certain amount of detective work that had to be done and I appreciate the time accorded to 
me by my colleagues. In alphabetical order, particular thanks to Christine Le Galliard, 
Bernard Genolini, Yves Le Bornec, Jean-Pierre Le Normand, Jean Peyré, Luc Petizon, Emmanuel 
Rindel,  Jean-Phillipe Rivenez, Sylvain Rousseau and, Nicole Willis.  
 
 
Marion MacCormick 
IPN, Orsay 
10 January 2007 
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Ionization detectors – a brief history 
The original widely used ionization detector dates back to the early 1900s. The cloud chamber was 
invented by CTR. Wilson in 1911 and earned him the Nobel Prize along with A.H. Compton, in 1927. 
It consisted of a closed container filled with a supersaturated vapour, for example, water in air. A 
traversing charged particle ionizes the gas, leaving a trail of ions that serve as condensation centers for 
the vapour. The path of the incident particle is thus indicated by the track of tiny droplets in the 
supersaturated vapour. The expansion cloud chamber and diffusion drift chamber were developed 
from this original idea. The major drawback of this technology is the relatively low density of the gas, 
which limits the number of primary ionizations, and is reflected by a low detector efficiency. 
By 1952, D. Glaser had invented the bubble chamber, which earned him the Nobel Prize in 1960. The 
large scale development of this technology, adapted to accelerator experiments by L. Alvarez, earned 
him the Nobel Prize in 1968. The detection efficiency problem was bettered by working with higher 
gas densities and pressures. The device consists of a sealed chamber filled with a liquefied gas and a 
fast pressure release valve. The filling liquid is originally at a temperature just below its boiling point. 
When the pressure inside the chamber is reduced, the boiling point is lowered to a value below that of 
the liquid temperature, leaving the liquid superheated. When a charged particle passes through this 
superheated liquid it leaves a trail of tiny gas bubbles that can be illuminated and photographed. This 
detector was highly successful and allowed the efficient, high precision localisation of multi-particle 
trajectories. Its main drawback is its fairly low repetition rate and the lack of a discriminator allowing 
triggering on selected events.  Another development that matured in the same year as Alvarz’s large 
scale bubble chamber was the spark chamber. Sparks caused by intense ionization between parallel 
plates had already been observed in 1949 by Keuffel, and the technology was successfully mastered by 
1959 by Drs. Fukui and Miyamoto, leading to a revolution in the accelerator experiments of the 1960s. 
These spark chambers, although having a lower spatial resolution, allowed selective triggering and 
operated with a superior repetition rate, thus allowing rare event experiments to be realized efficiently 
for the first time. The powerful combination of the bubble chamber, and its derivatives, with the spark 
chamber in experimental high energy physics opened new horizons in the study of event mechanisms 
and particle production. A whole series of derived detectors were conceived using spark technology, 
such as the series of gaseous chambers: parallel plate avalanche counter (PPAC), single wire detector 
(which uses large diameter wires), narrow- and wide-gap detectors, or projection chambers with wire 
or glass electrodes which allow optical readout in the direction perpendicular to the electrodes. The 
streamer chamber, introduced by Dolgoshein in 1964, giving a superior angular definition of the 
ionizing trajectory was a refinement of the spark chamber which operated at lower high voltages. So 
successful were these detectors that the photographic development and analysis equipment was 
saturated by the mid-1960s. It was clear that a greater throughput for data recording and analysis was 
required, and this was becoming a reality through the expanding micro-electronics industry, and the 
development of computer technology in high energy physics. G. Charpak produced the first multi-wire 
proportional counter (MWPC) in 1968, earning him the Nobel Prize in 1992. This innovative detector 
was able to achieve the spatial resolutions and multi-particle capability previously reserved for bubble 
chambers; it also easily equalled the repetition rate of the spark chambers. Its readout system was via 
electrodes, thus providing the much desired interface to the rapidly evolving automated data 
acquisition systems. It effectively replaced the bubble-spark chamber combination in a very short 
space of time. The technology was very successful and different geometries were found to provide a 
wide range of timing and spatial resolution beyond that of all the previous detectors. Today, the wheels 
of invention continue to turn and the micro-dot/mesh/megas which provide much more lightweight 
and fast-reacting detectors, but still based on the ionization process, are part of the modern tools used 
in high energy physics.  
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Gas Gain 
The whole series of gaseous detectors operate using the ionization process. This process can be broken 
down into several steps, and depending on the particular detector model, the ions and/or electrons will 
be displaced in a controlled manner (by the use of electric and/or magnetic fields). The cloud and 
bubble chambers exploit the primary ionization giving rise to the trail of ions in the detector; spark 
chambers multiply the primary ionization, to create intense localized secondary ionization signals that 
can be detected optically. In the MWPC series the secondary signal exploited is the less intense, and 
more controlled, avalanche signal. Today, the understanding and controlling of the different ionization 
processes in modern detectors is still a full time task for some experimental physicists and engineers. 
Understanding the gas gain is the key to building a successful detector. Describing the gas gain is not 
such a simple task, since primary and secondary ionization processes are environment dependent 
multi-step processes, making it a complex phenomenon difficult to model. 
Describing gas gain through ionization – a potted history 
The following paragraphs have been adapted from the original 1941 monograph [3941F41F 2], dedicated to 
Prof. J.J. Townsend.  
The initial pioneering research that led to understanding the signal formation in proportional counters 
dates from a century ago, with Townsend’s pioneering research into spark discharge theory [42F4242F42F 3]. 
Around the same time that Wilson developed the first cloud chamber, Townsend described the current 
density i in a gap x between electrodes in the direction of the electric field due to ionization by 
collisions, as being: 
                                                      
⎟⎠
⎞⎜⎝
⎛ −
=
1de)( - 1
 xe )( ααβ
αixi                                                             [1] 
where α is the first Townsend coefficient and represents the relative increase in current density per cm 
due to primary ionizations by collisions in the gap with an anode placed at position x=d from the 
cathode. The second Townsend coefficient β in the original theory denotes the efficiency of photo-
electric production at the cathode due to positive ion impacts. The quantity α has been extensively 
studied and it varies with the ratio of field strength E to pressure P and its value depends on the nature 
of the gas. The reduced electric field, S, is defined as being 
P
ES =                                                                                  [2]                 
The quantity β had initially been evaluated as being a characteristic of the cathode material. However, 
it became clear that various mechanisms, other than positive ion impacts, give rise to secondary 
electrons in the avalanche process, thus leading to the demise of the second Townsend coefficient. In 
today’s notation, the Townsend prescription for gas gain is: 
Sbae
P
/−=α                                                                               [3]                 
where a, b are constants.  
The discovery of measurable photoelectric ionization the gas made it possible to explain the 
abundance of secondary electrons in the avalanche process. The exact way in which photoionization in 
the gas could operate to create a spark was not clear until Loeb&Meek [4343F43F 4, 4444F44F 5, F45F45F 6] and Raether [F46F46F46F46F 7, 
47F47F47F 8] independently presented their streamer theory in 1940/1941, as applied to a parallel plate setup.  
Loeb&Meek realized that accompanying the cumulative ionization produced by electrons there are 
four to ten times as many excited atoms and molecules. Some are excited to an energy exceeding the 
ionization potential of some of the atoms and molecules present, either by ionization and excitation, or 
in a gas mixture such as air, by the excitation of molecules of higher ionization potential, eg. N2. These 
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excited atoms or molecules emit very short wavelength radiation in some 10-8 s. This short UV 
radiation is highly absorbed in the gas and leads to ionization of the gas. In fact the whole gas and the 
cathode as well, are subjected to a shower of photons of all energies travelling from the region of 
dense ionization with the velocity of light. Thus nearly instantaneously in the whole gap and from the 
cathode new photoelectrons are liberated which almost at once begin to ionize cumulatively.  
 
Their formula for electron multiplication through the photoelectric effect at the cathode is given as: 
]1[ )( −−= − xua
ax
enQga
eioi                                                             [4]                 
where Q is the number of photons created per centimeter along the path of the initial electron from the 
cathode. G is a geometrical factor 0.5 which depends on the fraction of photons reaching the cathode. 
n is the fraction of photons reaching the cathode that actually succeed in liberating electrons from the 
cathode so they do not diffuse back. u is the absorption coefficient of the photons in the gas.  
Comparing equations [1] and [4] the inspiration Loeb and Meek took from Townsend’s formula is 
quite clear, as they acknowledged at the time in their monograph.  
The limit for which the avalanche process transforms to the streamer process is gas dependent and is 
given by the Meek-Raether criterion as applied to a PPAC configuration: 
G = eαd where G is the gas gain and is generally attained for αd ≈ 18-20. 
 
The MWPC performs better than the PPAC since the charge development is limited by the anode 
wires, it therefore saturates first, before reaching the breakdown conditions. It’s clear that the gas 
transparency to UV photons plays a fundamental role in the signal formation, as noted below in 
Rose&Korff's description of the gas gain [48F4F48F48F48F 9]. 
Empirical Gas Gain Formulae 
By 1956 several empirical description of the gas gain, dependant on the gas pressure and electric field, 
had been developed. The aim was to move from an abstract gas amplification theory - where it had 
become clear that the ionization processes were numerous and complex, rendering a full analytical 
description of α impossible - to a collective description based on the capacity for the detector’s electric 
field to produce and store charge.  
The average gas gain, supposing negligible recombination, negative ion formation, space charge and 
photo-electric effects, is written as [384H384H387H389H389H389H389H389H389H389H389H23] 
where G is the average gain between the critical radius rc and the anode wire surface at a. The average 
gain is therefore the exponential of the integrated value of the first Townsend coefficient. This 
formula, written so simply, has its roots in the physical properties of the ionization process. However, 
the first Townsend coefficient has to be measured for each gas medium, it also depends on two 
parameters a and b that also have to be established.  
W. Diethorn presented his thesis in 1956 [ 390H390H390H390H390H390H390H390H22], and proposed a “new” gas gain formula that was of a 
more empirical nature, but ultimately more practical to use. His work is particularly informative, as he 
describes the current theories of the time and puts them to test in the proportional single wire counter 
he developed for the measurement of 14C radioactivity.    
From Diethorn’s perspective, the leading ideas of the time were those published by Rose&Korff in 
1941 (the same year Loeb&Meek and Raether published their streamer theory).  
Rose&Korff analysed the average number of ionizing collisions per unit distance as a function of the 
position in a proportional counter, and the spatial extent of the ionization region near the wire anode. 
rarG c
d∫= αln
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They proposed a formula is based on their observations of polyatomic Ar-ethane mixtures at different 
pressures. They suppose all secondaries are produced by electron impact, with no photon emission in 
the counter gas and thus no photoelectric emission at the cathode. This is substantiated by the idea 
that the energy loss of the shower electrons in a polyatomic (as opposed to monatomic) gas lose more 
energy to the molecules, but not enough to vibrationally or rotationally excite them, thus effectively 
quenching the UV photon emission seen in monoatomic gases. Their description is: 
⎥⎦
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where A is the amplification, V and Vt are applied and threshold voltages, and a and b are the anode 
wire radius and anode-cathode gap respectively. As Diethorn pointed out, they gave no indication as to 
how to establish the threshold voltage, and this was undertaken by Curran&Craggs in 1949 [F49F49F49F50], and 
they re-wrote the formula as: 
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where λe is the electron mean free path and Vi  the gas ionization potential. 
So we see the clear apparition of the detector’s geometry, related to the gas gain. The ln(b/a) arises 
from the standard capacitance for a cylindrical detector geometry of gap b and wire radius a:  
( )abC ln
55.0=  
 
The Rossi&Staub condition (1949) [50550F 1] states that the amplification factor must be a function of Pa 
where P is the gas pressure; and of V/ln(b/a) (Rossi specialized in low pressure chambers). These 
parameters can be directly introduced into equation [CC] by placing: 
p
k
e =λ  and
iV
k=β , then 
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Diethorn then rearranged the equation to introduce two constants, functions of α and β, with 
k1  = √ α  and  k2  =  √ αβ  =  k1β, then, 
( )
( ) 1
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⎡×    [modified RK&CC&RS] 
If this equation holds for CH4, then Diethorn expected his measurements, taken at different pressures 
and for two wire radii, to lie along a single straight line of gradient k2 and offset k1. The result, as 
displayed in 375H385H385H388H391H391H391H391H391H391H391H391HFigure 107 show that k1 and k2 are not independent of P and a. 
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Figure 107 : Diethorn's test of the modified Curran and Craggs equation on the CH4 measurements. 
 
He concluded that the modified Rose&Korff equation given by Curran&Craggs could not predict the 
amplification factors for CH4.  
The developed a new, simpler formula, based on two parameters. The first concerns the definition of a 
critical value of electric field at a certain distance from the proportional wire, at which the primary 
electron has gained enough energy to ionize the gas in its turn. He defines this through the critical 
electric field strength E0 and gas pressure P as being: 
PE κ=0  
where κ is in volts per cm per atm., and below which, no electron multiplication occurs. This in turn 
establishes the existence of a critical radius and critical volume around the anode wire.  
He then defines, for constant pressure, the distance separating two successive ionizing events, as being 
dependent on the inverse of the electric field strength. This distance amounts to several times the 
electron mean free path and is associated with a potential drop of ΔV, constant for every successive 
ionizing event, and as such, is independent of E and P and is therefore a constant characteristic of the 
gas. an electron entering the critical ionizing volume directly produces  
ionizing events. 
 
His final equation is of the form: 
( ) ( )⎥⎦
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0
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From this equation he deduced the values of the two constants ΔV and κ and used them to predict the 
gas amplification as a function of HV for different pressures, and also the HV required to obtain a 
given amplification factor at different gas pressures. His predictions were seen to be in good 
agreement with his measurements on CH4 as shown in 376H386H386H389H392H392H392H392H392H392H392H392HFigure 108. 
Figure 108 : Diethorn's "new" 2-parameter empirical gas gain formula for CH4. The parameters 
depend on the nature of the gas, and are independent of the detector geometry and gas pressure.  
  
So, moving through the century, the gas amplification factor varied form the original Townsend form 
where: 
Sbae
p
−=α  where S is the reduced field strength in Vcm-1torr-1                                           [early 1900s]      
to the Curran&Craggs modified Rose&Korff  form where: 
p
α    is a function of  S1/2                                                                                                                   [1949] 
to the Diethorn form where: 
p
α    is a  function of  S                                                                                                                     [1956] 
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These forms were all evaluated with the SWPC but they hold true for the MWPC too.  
By 1966, Zastawny [393H393H393H393H393H393H393H393H24] had proposed a new formula based on his CO2 filled proportional counter 
measurements taken at different pressures. He added an extra term that described the non-linear 
behaviour of α/p as it tends to zero. In 1971, Charles wrote a very clear summary of, the then, five 
different gas gain formulae and proposed a sixth one. This situation has continued to evolve, the most 
recent refereed paper being from 1999 [4351F 2] where a tenth formula is proposed, and without going into 
any details, the proposed form is now: 
where A10, m, and S0 are gas dependent constants. The authors give a review of the different 
approaches taken over the century and defend their approach as being a semi-microscopic derivation 
of gas gain formula. They point out - the well noticed fact - that the Townsend description only gives 
correct results if α/P are applied over a restricted E/P range - implying that α is not a "true" gas 
constant - and that further work is required to come to a better gas gain description.  
Today (2006) there are still new publications that each claims the definitive, general overall formula 
for gas gain over the whole proportional plateau [52F52F52F52F 3], and the attention has now turned to the 
saturated regime, where the more recent developments have been exploiting the new family of micro-
gap detectors.   
 It's worth pointing out that the different empirical forms are generally accurate enough to allow the 
gas gain variations to be evaluated as a function of changing detector geometry, operating pressure or 
operating HV and the experimental trouble is more often related to polluants in the detector that can 
radically change the expected detector performance. 
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APPENDIX B - TestBeamToolBox.pdf 
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PLAN SUPPORT ET RIGIDIFICATEUR
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FOAM (20mm) et PCB (0.4mm)
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VUE DE PROFIL (PLIE)
connecteur Berg
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partie soudée
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VUE DE FACE (APPLATI)
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probabilité ( ()* $ ﬁ
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Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3
Trous + interpistes (gaz = air) 0,0456 ,0 0,0044 0,0036 0,0031 ,0 ,0 ,0 9,68 7,84 6,88
Au (0,1 -m) 0,0456 1,365 ,0 ,0 ,0 ,0 ,0 ,0 90,32 92,18 93,11
Ni (4 -m) 0,0455 0,319 0,0037 0,0038 0,0038 0,026 0,027 0,027 90,31 92,18 93,07
Cu de recharge (20 -m) 0,0425 0,296 0,0182 0,0186 0,0188 0,127 0,130 0,131 89,82 91,83 92,84
Ni (4 -m) 0,0215 0,151 0,0035 0,0036 0,0037 0,024 0,025 0,026 88,25 90,57 91,73
Cu de base (17,5 -m) 0,0175 0,122 0,0153 0,0158 0,0160 0,107 0,110 0,111 87,94 90,32 91,52
FR4 (0,4mm) 0,4 0,206 0,3989 0,3995 0,397 0,206 0,206 0,205 99,73 99,87 99,93
Bagues de Cu (20 -m) 0,4 2,787 0,0003 0,0001 0,0001 0,002 0,001 0,001 0,07 0,03 0,02
Pistes du motif (Cu) 0,0375 0,261 0,0024 0,0018 0,0017 0,017 0,013 0,012 6,43 4,95 4,75
Masses au bord (Cu) 0,0375 0,261 0,0020 0,0013 0,0009 0,014 0,009 0,006 5,34 3,42 2,45
64 trous cuivrés 0,0375 0,261 ,0 ,0 ,0 ,0 ,0 ,0 0,07 0,03 0,02
Emplacements Kaptons 0,0375 0,261 0,0030 0,0015 0,0007 0,021 0,010 0,005 7,93 3,97 1,98
2 mires d’alignement (Cu) 0,0375 0,261 ,0 ,0 ,0 ,0 ,0 ,0 0,06 0,03 0,02
Etamage emplacement Kapton 0,009 0,105 0,0023 0,0012 0,0006 0,027 0,014 0,007 7,93 3,97 1,98
Vernis 0,0575 0,013 0,0481 0,0543 0,0531 0,011 0,012 0,011 100 100 100
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Carte Fille
Carte mère
Plan cathode
Nappe Kapton + plan rigidificateur
Nappe Kapton + plan rigidificateur
Carte mère
Carte Fille
Début
Gaz + plan fils anode
Fin
Bending Plane
Non Bending Plane
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MANAS
MARC
Connecteurs SAMTEC
A
X/X 0 X/X 0X/X 0
Début zone A
Fin zone A
Intérieur
Extérieur
matière
épaisseur
Max en %
Cuivre connecteur 7 points
8,5 mm
59,233 0,209
4 mm
1,333 0,035
Plastique connecteur 7 points
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MANAS
MARC
Connecteurs SAMTEC
B
X/X 0 X/X 0 X/X 0
µ m
80 points
0,4 mm
2,787 0,244
Cuivre connecteur
µ m
Vernis
10 
0,002 0,002
µ m
µ m
Fin zone B
Intérieur
Extérieur
matière
épaisseur
Max en %
0,4 mm
Vernis
mm
0,002 0,002
10
4 couches internes  
de pistes de cuivre
de pistes de cuivre
2 couches externes  
0,1
5 couches de FR4
Zone B = zone composants
actifs
0,244
12
0,084 0,018
0,095
0,0520,052
0,0430,427
37
0,261 0,023
Plastique connecteur 80 points
0,91 mm
Composants actifs
0,722 0,123
1,4 mm
Boitier plastique
0,1 mm
0,697 0,118
connecteurs
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MANAS
MARC
Connecteurs SAMTEC
C
X/X 0 X/X 0 X/X 0
µ m
µ m
µ m
µ m
passifs
matière
épaisseur
Max zone1 en %
Vernis
Composants passifs
Intérieur
Extérieur
0,002 0,002
10
0,854 0,034
Zone C = zone composants
Fin zone C
4 couches internes  
de pistes de cuivre
de pistes de cuivre
2 couches externes  
0,1
5 couches de FR4
0,244
12
0,084 0,018
0,095
0,052 0,052
0,261 0,023
Plastique connecteur 80 points
mm
0,8 mm
Vernis
10 
0,002 0,002
80 points
0,4 mm
2,787 0,244
Cuivre connecteur
0,91 mm
37
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µ m12 
µ m12 
µ m 3 
µ m 3 
µ m400 
X/X 0 X/X 0
X/X 0X/X 0
X/X 0matièreépaisseur
Max
zone2 zone3
zone1
en %
µ m~ 400 
Air
µ m
µ m
µ m
µ m
Début
Vernis
Cuivre
Carbone
FR4
Vernis
Sn/Pb
Cuivre
Carbone
0,14
0,14 0,086
0,109
0,0016
0,206 0,151
0,178 0,192
0,0016
0,001
0,011
0,013 0,014
0,015 0,011
0,013 0,014
Fin
0,015
Sn/Pb
0,105
0,001
0,001
0,0004
0,00060,0005
Extérieur
Intérieur
coté foam
coté carte fille
26,97
4,47 mm
3,87 mm
0,037
0,044 0,049
0,152
0,0380,076
1,176
0,258 0,054
0,066 0,08337 
37 
0,258 0,159
0,2010,193
67,5 
Plastique connecteur 7 points
Cu connecteur 7 points
67,5 
0,049
0,024 0,012
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µ m
Fin
µ m
Colle
100 
0,023
0,0190,017
0,011
µ m
X/X 0 X/X 0
X/X 0X/X 0
X/X 0matièreépaisseur
Max
zone2 zone3
zone1
en %
Extérieur
Intérieur
Début
Foam
FR4 plan rigidificateur
400 
0,206
0,1770,152
0,098
20 mm
0,256 0,121
0,189 0,219
Colle
100 
0,023
0,0190,017
0,011
Air
Nappe Kapton
voir table pour le détail
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X/X 0 Moyen en %
Fin
Début
Extérieur
Intérieur
(avec connecteur)
(avec étamage)
Couche 3 : 0,807
Couche 2 : 0,118
Couche 1 : 0,462
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µ m
Gaz
45,6
~ 0 ~ 0
~ 0~ 0
Nickel
4
Fin
X/X 0 X/X 0
X/X 0X/X 0
X/X 0matièreépaisseur
Max
zone2 zone3
zone1
en %
µ m
µ m
µ m
µ m
µ m
µ m
µ m
µ m
µ m
µ m
Vernis
FR4
Extérieur
57,5  
0,013 0,013
0,013 0,013
400
0,206 0,206
0,2060,206
Intérieur
17,5
0,122
0,112 0,114
Cuivre pads
0,151 0,025
0,026 0,026
Cuivre
Nickel
4
Or
0,1
1,365 0,003
0,0030,003
20
0,289
0,133
0,0270,027
0,0260,319
37,5
0,261 0,048
0,027 0,020
9
0,105 0,007
0,004 0,002
Début
Sn/Pb et Cu bord plan cathode
400 0,001 0,001
0,0022,787
0,131
Sn/Pb soudure
Cuivre pistes et masses
Cuivre bagues
(surface inactive)
0,108
0,128
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